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Concrete is the most commonly preferred material for the construction of a wide range of 
different types of civil structures. Concrete is a composite material produced by mixing 
aggregate, cement, water and chemical admixtures. It is an adaptable material, which can be 
conveniently mixed to meet various design and structural requirement whilst it can practically 
be formed in almost any useful shape. However, the in-service lifetime of concrete structures 
is drastically reduced when cracking, dynamic displacement or distortion are not immediately 
detected so as appropriate repairs can be carried out in time. Several important existing 
structures are inching closer to their end of their serviceable lifetime. Therefore, the application 
of quantitative non-destructive testing and conditioning monitoring techniques is becoming 
more important and a necessity in order to accurately and reliably evaluate the overall structural 
integrity of existing and future concrete structures. 
This research study is concerned with the investigation of advanced quantitative condition 
monitoring techniques for concrete structures. More specifically, the combination of Ultrasonic 
Pulse Velocity (UPV), Acoustic Emission (AE) testing and Visual Inspection (VI) have been 
selected in order to perform quantitative quality control of concrete beam specimens with 
different strength levels specifically manufactured for the present research study. The UPV 
method operational principles are based on the transmission of ultrasonic waves through the 
thickness of the concrete components. Any differences in the ultrasonic wave velocity measured 
can be used to effectively evaluate the actual strength of the concrete in a quantitative manner. 
On the other hand, AE testing is a passive technique, which can be employed to quantitatively 
monitor damage propagation in concrete structures as well as other materials in order to 
determine the tactual level of structural degradation with time.  
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Experiments were conducted using a range of different concrete specimen types including both 
cube and beam-shaped ones with intentionally varying quality. AE data were acquired during 
compressive and flexural tests performed on the concrete samples manufactured. Various 
statistical analysis methodologies such as cumulative energy have been considered in trying to 
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Concrete is a cheap multi-purpose composite material which has been used in almost any type 
of civil structure including buildings, bridges, dams, regulators, canals, roads and many others. 
Concrete structures can be directly affected by dynamic events such as earthquakes, storms, 
flooding, ground movement, etc. with possible catastrophic sequences.  
Concrete structures are designed with a finite useful service lifetime. Therefore, they can 
gradually lose strength, whilst quality and durability of such structures can deteriorate year after 
year. Numerous concrete structures are nearing their end of their serviceable life. Most 
importantly, the service lifetime of concrete will exponentially decreases when damage has not 
been detected and properly treated in time [1]. For this reason, trained engineers are required to 
control and evaluate the quality and durability of hardened concrete elements by using 
appropriately selected destructive and non-destructive test (NDT) methods.  
For several years, the quality and durability of existing concrete and reinforced concrete 
structures have been tested by extracting cylindrical core samples using trepanning techniques. 
The cores retrieved with the trepanning process are subsequently set to undergo compressive 
loading up to the point of failure under laboratory conditions in order to evaluate their 
mechanical strength. However, this particular testing approach involving the removal of 
cylindrical cores using trepanning results in voids and possibly cracking in the structural 
elements tested (e..g a column, beam or slab) [2]. Figure 1 shows the reduction in the cross-
sectional area of a simplified concrete component after trepanning has been carried out and a 




Figure 1: Reduction of cross-sectional area after taken a core sample. 
 
As it is shown in figure 1, the sum of the dead and live loads to which the structural component 
is exposed will have a total finite value equal to X kN. Before taking a core sample, the cross-
sectional area of the component is equal to A1 m2. After the extraction of the cylindrical core 
with the trepanning method, there is a reduction of the cross-sectional area from A1 to A2 m2 
(hence A1>A2). However, the load remains constant and hence equal to X kN. Therefore, the 
stress, affecting the component, will increase further each time a core is extracted from the 
structure [3]. 
Therefore, stress increments are highly undesirable in ageing concrete structures as they may 
have a devastating effect on their structural integrity and causing damage to accelerate or even 
result in final failure (e.g. the Ponte Morandi bridge whose failure has been attributed partially 
to further loads added on the structure). In addition to these, distortion and damage will arise in 
practically any type of destructive tests, resulting generally to an adverse effect on the 
durability, quality and strength of a concrete structure.  
Effective evaluation of concrete structures based on non-destructive methods has been a 
research topic of significant interest in modern engineering. This is due to the fact that NDT 
techniques provide engineers with the opportunity of monitoring the structural health of a 
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concrete structure or component without causing any form of damage to it and hence without 
causing any reduction to the current structural integrity level [4].  
More specifically, crack detection in concrete elements is particularly important. This is due to 
the fact that cracks adversely influence concrete strength and long-term durability. There are 
various types of concrete cracking including, shrinkage, settlement, structural, spalling, 
honeycombing and bleeding. For the purpose of assessing the quality, durability and detecting 
the presence of minor and major cracks, homogeneity, density, discontinuities, displacement, 
rebar location and corrosion, bonding between concrete and rebar, NDT testing has been 
frequently used in the construction industry [5-7]. 
As it was mentioned earlier, an increasing number of civil structures have been nearing end of 
their useful service lifetime. Thus, catastrophic events such as earthquakes coupled with ageing 
effects, improper design and the possibility of flawed construction have necessitated the 
widespread application of appropriate NDT methods in order to evaluate the actual structural 
health of concrete structures. For instance, the Republic of Turkey is located in earthquake-
prone region of the planet with frequent strong earthquakes well above 6 in the Richter scale 
[8]. This is due to the fact that there are various fault line East, West, North and South of the 
Minor Asian plate. Moreover, due to poor construction standards in the past, Turkey still has a 
significant number of structures which carry a significant risk of collapse in the event of a 
powerful earthquake. For this reason, construction engineers have been trying to quantitatively 
examine the durability, strength and actual structural health of concrete structures.    
Due to the undesirable effects of destructive testing methods, it has gradually become obsolete 
with focus remaining on the further improvement of appropriate NDT methods as means of 
phasing out completely the need for trepanning.  Using exclusively NDT techniques for the 
examination of concrete structures has significantly risen in Turkey and the rest of the world in 
recent years [9]. This trend is expected to continue at an even stronger pace.   
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Various types of equipment and accordingly NDT techniques can be employed to examine the 
quality and durability of existing and future concrete structures without any undesirable damage 
resulting [10]. Visual inspection has been traditionally used to detect surface cracks in concrete 
structures. Furthermore, the half-cell electrical potential method has become the preferred 
approach for the detection of rebar corrosion-related damage in reinforced concrete [11].  
Rebound hammer test is necessary for the evaluation of the surface hardness of concrete. 
Carbonation depth measurement test is helpful in determining the moisture content reaching 
the depth at which reinforcement rebars are placed [12].  
Moreover, permeability tests are performed so as to measure water flow through concrete 
elements. Penetration resistance and Windsor probe testing have been preferred alternative to 
the rebound hammer for testing the surface hardness of concrete elements [13]. 
Cover metre testing has been frequently used to detect the distance between rebars and surface 
of the reinforced concrete structures. Also, it has been used to measure the diameter of the 
reinforced concrete rebars [14]. Radiographic testing has been preferred for the detection of 
voids and discontinuities that may be present inside the concrete structure and may evolve with 
time in service. Either Gamma or X-ray testing can be used to readily detect voids, 
discontinuities, rebar location and rebar diameter placed inside the reinforced concrete 
structures [15]. 
 UPVT has been widely recognised as one of the key NDT methods that can be employed in 
order to evaluate the quality, durability and actual strength of concrete components and 
structures. However, UPV is more effectively and reliably used to estimate concrete strength in 
components with no other form of damage also present. The UPVT method is based on the 
transmission of ultrasonic waves through the concrete component. The changes occurring in 
the ultrasonic wave velocity can be reliably related to the actual strength of the concrete 
structure under consideration [16]. 
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On the other hand, AE is a highly capable and appropriate NDT and condition monitoring 
technique which can be used effectively for accurate quantitative assessments. AE is a passive 
NDT or condition monitoring technique which can be employed to quantitatively monitor 
damage propagation in concrete structures in order to determine the severity of structural 
degradation with time. It has been frequently used in various condition monitoring (CM) 
applications and in Structural Health Monitoring (SHM) systems [17]. Fundamentally, during 
AE testing, acoustic waves generated inside or on the surface of a component are detected by 
the piezoelectric sensors. The data are subsequently logged and s analysed using appropriate 
statistic tools. 
 
1.2 A brief history of modern NDT for concrete structures 
Visual testing is the oldest and most common NDT method for various materials including 
concrete; though, it is difficult to pinpoint the exact where NDT techniques became to be a 
requirement for quality control and structural health evaluation. 
Apart from visual testing, modern NDT begun in the second half of the 19th century. In 1868, 
the British scientist S.M. Saxby used the magnetic characteristics of a compass to detect cracks 
in a gun barrel [18]. Magnetic particle testing has been frequently used in the industry for the 
presence of surface-breaking or very near to the surface defects. In 1876, A. Hering took a U.S. 
patent for finding discontinuities in railway steel rails by using the technique developed by S. 
M. Saxby [19]. Later on, the method was applied for the assessment of various components. 
Magnetic particle testing has become an important NDT method for steel and iron-based 
materials [20]. Magnetic particle, X-ray and radiographic testing have been frequently used in 
reinforced concrete components comprising steel rebars. 
Another technique commonly employed is based on the use of Liquid or Dye Penetrant 
Inspection (LPI or DPI). It is preferred due to the very high sensitivity of this technique in 
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finding small surface discontinuities. Currently, LPI is widely used in the various industries, 
including oil and gas, power generation, aerospace, maritime and so on. LPI is hence a quite 
significant NDT method for concrete structures and for discovering the indication and 
inspecting a surface crack [21]. 
Ultrasonic testing (UT) is a versatile NDT method, which has been used in a great range of 
industrial inspection applications for many years. UT was invented by the British physicist and 
mathematician James Prescott Joule in 1847 [22]. His methods were further improved by the 
French physicist Pierre Curie and his brother Paul Jacques Curie in 1880 [23]. After the tragic 
sinking of the Titanic in 1912, the use of ultrasonic testing was recommended. In 1929, it was 
introduced as a means for testing metal castings in the United Kingdom [24]. 
In concrete technology, scientists have focused on different testing methods. At the beginning 
of the 1930s, they begun looking into vibration-based testing methods. In 1938, 1939 and 1940, 
Powers, Obert, Hornibrook and British Physicist J.J. Thomson carried out the first vibration or 
pulse studies by using resonance frequency methods [25]. During World War 2, research 
relating to NDT intensified rapidly. One of the key areas investigated was on elastic stress wave 
propagation and interactions in solid materials such as metals. From 1950s to present, NDT 
techniques have been directly related to safety, reliability and improvement in the design of the 
new materials, quality control and identification and quantification of damage in engineering 
components. NDT methods are in constant use in practically every industry including 
construction and manufacturing. 
The UPV method was also invented in the United Kingdom. In 1948, the first ultrasonic tester 
was manufactured by R. Jones [26]. Since then many different UPV test devices have been 





AE is one of the oldest NDT methods known to us. Fundamentally, AE is based on “listening” 
for sounds propagating inside a material which is exposed to tensile, compressive or other loads, 
in the form of elastic stress waves. Back in 6500 BC, potters used this approach by carefully 
listening for any acoustic sounds during cooling of their ceramic products whilst trying to 
identify any structural defects [27]. The first written observations related to AE were the work 
of Arab philosopher Jabir ibn Hayyan back in the 8th century AD. In his books, ibn Hayyan 
mentioned that during forging, tin or Jupiter and iron or Mars materials generated “harsh sound” 
and “sounds much” respectively [28]. 
In the 19th century, many studies focused on audible or acoustic sounds generated in materials 
such as cadmium, zinc and tin [29]. ascertain researchers, e.g. Albert Portevin, observed and 
tried to classify materials depending on the audible sounds generated under load [30]. Through 
the next 20 years, many important experiments were carried out. For instance, R. Anderson 
carried out tensile testing on aluminum alloy samples whilst E. Scheil combined tensile testing 
of steel specimens with the recording of audible noise generated during the test [31].  
In 1950, Joseph Kaiser investigated AE measurements in metallic materials under tension 
which led to the discovery of the Kaiser effect [32]. The Kaiser effect relates the AE activity 
generated in a material during initial loading, unloading and subsequent reloading. Unless the 
previous maximum has been exceeded during the reloading stage AE activity remains 
negligible and only resumes once the previous maximum has been exceeded. This holds true 
depending on the level of damage already sustained by the material. Hence, for a material 
damaged to a level close to final failure, significant AE activity will be generated even if the 
previous maximum has not been exceeded. Therefore, this approach can be used to identify the 
severity of damage already accumulated in the material at least in a qualitative manner. The 
Kaiser effect has been found to be applicable in concrete structures also. After Kaiser’s 
discovery, Bradford Schofield established the first research programme in order to investigate 
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the engineering applications of AE. Generally, the research conducted by Kaiser is considered 
to be the starting point of modern AE testing. Today, many advanced devices have been 
designed and built in order to measure AE activity in steel and concrete exposed to different 
loading scenarios, including in-service loading conditions. AE, has been proven as a reliable 
test method for obtaining information regarding the material quality and durability under 
loading conditions.  
The NDT Society of Great Britain (NDTS) and Society of Non-Destructive Examination 
(SONDE) were founded in 1954 [33]. In 1976, The British Institute of Non-Destructive 
Testing or BINDT was established for engineers and professionals related to NDT  
and condition monitoring in the United Kingdom. Similarly, many other countries have 
introduced their own institutes, training centres and standards relating to NDT and CM 
operations [34-39]. 
1.3 Aim and scope 
The main aim of this research study is to investigate the reliability of NDT in evaluating 
quantitatively rather than qualitatively the overall strength and durability of concrete structures 
produced using a variety of mixture content. AE and UPV tests combined with visual inspection 
have been selected for this study due to their versatility and potential in evaluating the condition 
of concrete structures during loading.   
To reach the main objective appropriate experiments had to be designed and carried out along 
with the production of the necessary reference concrete samples.  
To investigate the capability and reliability of the NDT methods chosen for this study, two 
different specimen groups were designed. Each specimen group consists of cubic and beam 




The prepared samples were visually inspected prior to carrying out UPV and AE testing. UPV 
testing was carried out under no loading conditions whilst AE activity was studied under 
compressive and flexural loading conditions. From the compressive and flexural strength tests, 
it was also possible to obtain the exact strength values of all samples and compare them with 
the results obtained with the NDT methods employed. The results arising from the destructive 
and non-destructive tests were analysed in depth in order to evaluate the reliability of the chosen 
approach in the present study.  More specifically, UPV results obtained for each of the samples 
tested were evaluated against the compressive strength values experimentally recorded. 
The effect of water content in concrete on the UPV test results was also investigated in order to 
evaluate the changes in ultrasonic wave velocity, water-cement ratio and hence compressive 
strength of concrete samples. For this purpose, water-cement ratio versus ultrasonic wave 
velocity, and ultrasonic wave velocity with respect to compressive strength graphs have been 
plotted and analysed. The linear functions and correction factors have been calculated in order 
to evaluate the applicability and reliability of this testing approach in the field.  
The evaluation of damage propagation and the quantification of the damage sustained in 
concrete structures while in service has been investigated with the help of AE testing. The 
present investigation looked into correlating all parameters of interest (including AE activity 
recorded, the nature of the AE activity, damage severity and concrete strength) during the 
evaluation of the suitability of concrete structures for remaining in-service or not. Various AE 
parameters have been considered including AE signal amplitude, cumulative AE energy, signal 
duration, RMS, counts, etc.  
 The characteristics of AE results have been analysed to evaluate the relationship between 
concrete mixture content, strength, damage propagation and damage accumulation.  It has been 
clearly observed that the slope of the cumulative AE energy plot with increasing load and hence 







Concrete is one of the most commonly and widely used construction materials due to its 
excellent properties, long service lifetime, simple production methods and relatively low cost. 
Concrete is a composite material made from several readily available constituents such as 
aggregate and water.   
It is a very versatile material that can be mixed easily with the content needed in order to meet 
a variety of special requirements and can be formed to almost any shape. Concrete has several 
advantages as a construction material since it is economical, sustainable, durable, fire resistant, 
energy efficient and easily transportable. However, it also has certain disadvantages, including 
low tensile strength, low ductility and volume instability [40].   
The concrete constituents including, aggregate, water, cement and chemical admixtures have a 
strong influence on the quality and mechanical properties exhibited. Moreover, the concrete 
content has direct influence on the results obtained using NDT methods as shown later on. For 
instance, the aggregate shape, size, cement type, water content all directly influence the test 
results enabling a relationship to be established with quality and mechanical properties of 
concrete structures.  
2.1.1 Concrete constituents  
Concrete is produced by mixing cement, pozzolanic materials, water and fine and coarse 
aggregate. Chemical admixtures can also be added, if there is the need for special concrete 




 Cement is generally known also as portland cement. Its raw materials are 67% limestone 
(CaO), silica (SiO2), ferric oxide (Fe2O3), alumina (Al2O3) and gypsum (SO3). Once portland 
cement is mixed with water, a hydration process occurs. This hydration process involves the 
following chemical reaction: 
  C3S + H2O     HYDRATION+ HEAT   C-S-H + Ca(OH)2 
 C-S-H is a Calcium sulfate hydrate gel resulting in higher concrete strength. Ca(OH)2 does not 
affect the strength. However, it does influence concrete durability. After the hydration process, 
hardened concrete is obtained. Strength and durability of the concrete structures have been 
specified with mixture designs containing mixture proportions such as gradation, size and 
amount of aggregates, water to cement ratio, chemical admixtures and cement types [43]. 
 
2.1.1.1 Pozzolan 
The name of pozzolan comes from the town Pozzuali in Italy. Ancient Romans back in 120 BC, 
produced a hydraulic binder by mixing hydrate lime with soil which was mainly based on 
volcanic ash. It was used to provide binding to fresh concrete. Old or ancient structures stay in-
service with natural stones and pozzolanic mortars. For instance, Horosan mortar based on 
mixing lime with fine burned clay, was extensively used by the Ottomans and other ancient 
civilisations [44].  
Nowadays, direct use of pozzolan by mixing it with calcium hydroxide is no longer common 
practice thanks to the improvements in cement technology. Pozzolan is generally used in 
production of blended cements by grinding clinker + pozzolan + gypsum. It is used in admixture 
of cement, water, and aggregate. It is a siliceous or aluminous material and it has in itself low 
amount or no cementitious material.  
Furthermore, its chemical structure consists of high amounts of silica and alumina and less iron 
oxide, calcium oxide, silica and magnesium oxide alkaline [45].  Most importantly the total 
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amount of SiO2, Al2O3 and Fe2O3 increases the binding level of pozzolans. The binding level 
or pozzolanic activity increases as particle fineness is increased. Fundamentally, pozzolan is 
reacted to lime with moisture and being converted to cementitious material at the end of this 
reaction [46].  When it is used in portland cement, it contributes to the mechanical properties 
exhibited by the hardened concrete through hydraulic or pozzolanic activity or both. Natural 
pozzolans are resulting from volcanic ash, volcanic tuff and pumice stone. Artificial pozzolans 
are produced from fly ash, silica-fume and granulated blast furnace slag. 
 
2.1.1.2 Portland cement  
Portland cement is produced by mixing CaCO3 with pozzolanic material consisting in SiO2, 
Al2O3, Fe2O3, clinker and gypsum [47]. 
If portland cement is mixed with water, paste results. If it is mixed with water and sand, mortar 
is obtained instead. Finally, if it is mixed with water, sand and aggregates, concrete is produced.  
 
2.1.1.2.1 Chemical composition of the portland cement  
Raw materials of portland cement are mainly calcareous rocks consisting of more than 75 % 
CaCO3. They are generally composed of limestone, chalk, marl and marine shell deposites. The 
other raw material may be Argillo calcareous rocks containing between 40% and 75% CaCO3 
in their chemical composition [48]. They are clayey limestone, marl and chalk. Furthermore, 
argillaceous rocks are good examples of raw materials. They consist of lower than 40% CaCO3 
in their composition. Clay, shale and slate are good examples of constituents found in 
argillaceous rock. Many of the oxides in Portland cement are produced at the end of the heating 
process or clinker. CaO is obtained from limestone, SiO2, Fe2O3 and Al2O3 are obtained from 
clay, and SO3 from gypsum. CaO is the main constituent of portland cement accounting for 
approximately 67% of its total mass [49]. 
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2.1.1.2.2 Main types of the portland cement 
There are five main types of cement (CEM) which are given below [50]. 
CEM I: Portland Cement 
CEM II: Portland Composite Cement 
CEM III: Portland Blast Furnace Slag Cement 
CEM IV: Pozzolanic Cement 
CEM V: Composite Cement 
CEM I and CEM II cement types are the most commonly used concrete materials worldwide. 
It this research study, CEM I has been used for the production of concrete beam and cubic 
samples employed in the experiments.  
Fundamentally, during the production of a cement, raw materials are crushed and stockpiled. 
Afterwards, they are mixed using calculated proportions to obtain raw-mix. Then, the mixture 
is put into a rotary kiln having a temperature between 1300 and 1600 C°. This process is 
commonly known as ‘’burning’’. The output is known as clinker containing four main oxides 
C2S, C3S, C3H and C4AF.  
Afterwards, it is cooled and strored before being mixed with gypsum to adjust the hardening 
time of concrete. Gypsum extends the setting time in order to increase the workability of 
concrete. However, too much gypsum causes a high level of volume expansion of the hardened 
paste or concrete which has adverse effects. Importantly, if excess amount of gypsum is added, 
minor and major cracking can occur. After the granulation process of clinker, portland cement 
is obtained [51]. 
The cement types given above can result in different ultrasonic wave velocities due to the 




2.1.1.3 Concrete aggregates  
Aggregates is one of the most important concrete constituents. In general, sand, crushed stone 
and gravel have been widely used as concrete aggregates. 
There are some important advantages arising by using aggregates in concrete. For instance, 
workability of the fresh mass concrete can be controlled by changing the aggregate size, shape 
and amount. Furthermore, strength and durability of hardened concrete can be positively 
influenced by the presence of aggregates. In addition, the cost of the final product may be 
significantly lower by using aggregate since it is a proper filler material for concrete [52]. 
Fundamentally, aggregates have three main functions when used in concrete. Firstly, aggregates 
provide a mass of particles which is important for resisting the effects of an applied load and 
giving better durability than cement paste alone. Secondly, it is a relatively cheap filler in the 
cement. Therefore, it reduces the overall cost of concrete. Finally, it decreases the volume 
changes resulting from the setting and hardening processes and any moisture changes that occur 
during drying [53]. 
Significantly, the mechanical properties of the concrete are directly influenced by mechanical 
properties of the aggregates. Hence the mineral characteristics of aggregates influence the 
strength, durability and elasticity of concrete.  
Furthermore, the surface characteristics of aggregates impact on the workability of fresh mass 
and bond between the aggregate and cement paste in hardened concrete. If the aggregate has a 
rough surface, the workability of the fresh mass concrete decreases and binding increases. 
Moreover, grading of the aggregate affects the workability, density and cost of the concrete. 
High amounts of aggregate decrease volume changes in concrete during setting, hardening and 





2.1.1.3.1 Classification of aggregates 
The aggregate occupies approximately 70% of a fresh concrete volume. Therefore, this is why 
aggregate quality, durability, type, shape are all so important in cement production.  Moreover, 
concrete aggregate has to be an inert material which should not react with other substances like 
cement. Reactive materials which exhibit low inertness cause physical, chemical and thermal-
related effects such as swelling, shrinkage, alkali reaction and expansion [54-55].  
Similar to the other substances, the aggregate has to be chosen with certain care to obtain a 
satisfactory concrete quality with the desired mechanical properties. The source of the 
aggregate is a particularly important criterion during the selection process. Aggregate types can 
be divided into two categories; namely natural and artificial aggregates. Natural aggregates are 
generally sand, gravel and crushed stone which are the cheapest and most preferred types of 
aggregates. Artificial aggregates are obtained after special manufacturing processes such as 
heating. The most preferred artificial aggregates are blast furnace slag and expanded perlite. 
 
Figure 2: Common aggregate shapes. 
 
As shown in figure 2, the shape of the aggregate is a significant criterion in the production of 
high-quality concrete. The aggregate shape influences several important concrete properties 
such as workability, strength and durability. In figure 2, number 1 case shows rounded shape 
aggregates. They are commonly based on river gravel. Rounded shape is the most suitable to 
use in fresh mass concrete because flaky, elongated and angular shapes reduce workability and 





Case number 2 shows an irregular shaped aggregate. It is partly shaped by attrition, so it 
contains some rounded edges. Such aggregate is generally land gravel. Angular ones have sharp 
corners which shows little evidence of wear as shown in case number 3 in figure 2. Angular 
aggregate tends to be crushed stone. Angular particles have stronger bond between cement paste 
than other shapes, but they also increase water demand in order to increase workability, so they 
generally result in decreased concrete strength. However, they may result in an increase in the 
tensile strength of the hardened concrete. Flaky aggregates have the smallest thickness, when 
compared with the other shapes. They can be circular and angular as shown in case number 4 
of figure 2. Finally, elongated aggregates have the largest surface area and their shapes are 
generally like that of a coin as shown in drawing number 5.  
Apart from this, the aggregate size is another significant factor in the production of concrete 
affecting the resulting properties. Aggregates can be categorized based on the particle size into 
coarse aggregate having a diameter which exceeds 5 mm or fine aggregates having diameter no 
larger or equal to 5 mm. Sand is generally used as fine aggregate. It constitutes usually between 
35% and 40% of the total amount of aggregate which consists of a mixture of both coarse and 
fine particles. Concrete aggregate size should be between 0.25 mm and 31.5 mm to enable 
calculation of the proper concrete mixture design. The particle size distribution in an aggregate 
sample is known as gradation. It is necessary to mix aggregates because the use of coarse 
aggregates alone leads to lower workability whilst the use of fine aggregate alone results in 
higher production and hence construction cost [56]. Therefore, gradation is very important with 
each country employing different gradation limits depending on local requirements. Aggregate 
grade and quality parameters are specified in the relevant standards, e.g. EN13139 and BS8204. 
All aggregate properties mentioned above can influence NDT data obtained during 
measurements. For instance, the ultrasonic wave velocity and the rebound hammer test results 
are all influenced by aggregate shape, type and size used in concrete.  
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2.1.2 Fresh mass concrete 
Fresh concrete is produced by mixing of cement (C3S, C2S), water, aggregate and chemical 
admixtures as discussed earlier. Mixing of C3S with H2O results in the fresh concrete part. As 
water reacts with cement concrete hydration takes place. This is an exothermic process causing 
temprature to increase as the reaction continues. C3S is the constituent that dictates the strength 
level of the final concrete product [57]. 
The increase of the fresh concrete temprature causes fast hydration and rapid evaporation of 
water. Moreover, it causes surface and deep cracks to initiate and propagate due to the sudden 
evaporation of water molecules resulting in gas pressure to build up. Rapid hydration causes 
surface cracks and pores to form in the interior of the concrete. Therefore, it necessary to apply 
curing to decrease the concrete temprature during the hardening process. The hydration process 
continues throughout the entire lifetime of concrete with concrete pore density increasing with 
time as water is lost through evaporation. Therefore, the overall durability and strength of 
concrete remarkably decrases during its lifetime as water content is reduced [58]. 
 
2.1.3 Hardened concrete 
The chemical formula C-S-H + Ca (OH)2 represents hardened concrete. C-S-H gel results in 
the overall concrete strength. It forms after the hydration process of portland cement. Ca(OH) 
2 (calcium hydroxide) does not affect the strength of the concrete but it does influence the 
durability of the hardened concrete [59]. 
As mentioned earlier, the hydration process continues throughout the lifetime of hardened 
concrete causing gradual reduction in the total water content present in the composition. As 




2.1.3.1 Main properties of the hardened concrete 
The two key properties of concrete are durability and strength. They are measured to evaluate 
concrete quality. Durability is the ability of concrete to resist external and internal conditions 
such as weathering action, chemical attack, and abrasion while preserving its designed structure 
[60]. The strength of a material can be explained as the resistance to failure under a load which 
can be either compressive, tensile, flexural or a combination of those. Especially for concrete, 
compressive strength is a significant key parameter indicator of the quality of hardened concrete 
which directly influences behavior under in-service conditions. Generally, there is a balance to 
be stricken between durability and strength. Concrete durability increases when strength rises. 
However, high strength does not always suggest good durability performance since strength 
and durability are two different properties which are both related to concrete quality. Similarly, 
concrete exhibiting excellent durability performance may not exhibit high strength because 
strength is not a durability performance indicator, which can be related to water absorption and 
permeability [61].  
 
2.1.3.2 Factors affecting durability of hardened concrete 
Durable concrete can retain its quality, structural form and serviceability. However, it may be 
affected by physical, chemical and biological factors [62]. 
Physical factors are generally abrasion, cavitation, erosion, freezing thawing, thermal effect, 
overloading, wetting, drying and volume changes. Abrasion starts on concrete surface because 
of dynamic loads and in case of marine environments tide effects. It can be prevented by using 
high amount of cement on the concrete surface. Additionally, cavitation is a significant physical 
factor affecting concrete durability. It has been frequently observed on dam structures due to 
hydraulic problems. For instance, excessive water velocity and air bubble formation may reduce 
concrete mass in the dam structure. Furthermore, erosion is a good example of issues associated 
with concrete durability. It may occur after certain events such as canal lining or spillway 
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activity in dams. Freezing thawing and thermal effects can negatively affect concrete durability 
because of the sudden volume changes and potential for cracking initiation and propagation. 
For instance, water freezing may increase the volume of hardened concrete by 9% resulting is 
significant tensile stresses to arise internally. Therefore, temperature can strongly influence the 
durability and strength adversely [63]. 
Chemical factors are very important for concrete durability, quality and strength. Firstly, alkali 
aggregate reaction between aggreagate and cement may cause minor and major cracking to 
form in concrete. Because of the reactions taking place, alcali silicade gel expands and damages 
the hardened concrete structure. Secondly, concrete water and solid components consisting of 
clayey soils may result in sulfate attacks inside the concrete. Sodium sulfate may react with 
concrete.  Such reactions can cause huge volume changes and expansions in the concrete 
structure causing tensile stresses to arise and leading to cracking to initiate and propagate. 
Cracks always cause major reduction in the durability and strength of the concrete although the 
effect is directly linked to the size of the cracks. Macro cracks pose far more important concern 
in comparison with micro-cracks. Also, internal cracking has a far more serious effect in 
comparison with surface cracking that does not propagate through the thickness of the concrete 
structure. Moreover, acid attack is an important chemical activity affecting concrete durability. 
For instance, acidic substances such as sulfuric acid can produce air bubles inside the concrete. 
Finally, rebar corosion may occur if chlorine, oxygen, and water affect the concrete chemically. 
Therefore, they may be principle factors affecting the durability [64]. 
Finally, biological factors can adversely influence concrete durability significantly. As a good 
example of biological factors influencing concrete durability, it is possible to consider the effect 
of tree roots that are located near a concrete structure. Certain types of fungus and bacteria can 
consume the calcium in the concrete causing the material to lose its fracture toughness and 
increase brittleness profoundly. 
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2.1.3.3 Factors affecting strength of the hardened concrete 
Compressive and flexural strength of concrete depends on various factors such as water cement 
ratio, cementitious and binder material content, curing process, degree of compaction, 
uniformity of concrete, size, gradation, moisture levels, aggregate quality, production method, 
mixture content and void ratio [65]. 
First of all, water to cement ratio may affect the strength and durability of hardened concrete. 
If the water to cement ratio increases, the pore density inside hardened concrete will increase. 
After the hardening process, amount of the water is reduced. Therefore, porosity in the concrete 
will significantly increase. Afterwards, harmful chemical substances can easily permeate in the 
concrete structure because of the numerous pore zones. Furthermore, discontinuities may rise 
inside the concrete. At the end, strength and durability of the hardened concrete will decrease.  
Secondly, cementitious and binder materials such as fly ash and cement directly influence 
compressive and flexural strength of the concrete positively. 
Aggregate size also influences the strength. Generally, there is a balance between aggregate 
diameter and concrete strength. When the aggregate particle size increases, the friction surface 
of the aggregate increases. This will decrease the concrete workability and increase porosity. 
Hence, aggregate gradation or size distribution is an important factor affecting concrete 
strength. Moisture content of the aggregate can influence the concrete strength if water to 





Figure 3: Three different types of aggregate gradations or size distributions. 
 
As it is shown in the schematic diagram in figure 3, coarse aggregate has higher than 5 mm 
diameter while fine aggregate has a diameter lower than or equal to 5 mm. Most importantly, 
aggregates have to be selected combining coarse and fine particles as a correctly balanced 
mixture generally results in less porosity inside the concrete and hence higher strength and 
durability [66].  
 
Figure 4: The difference between uniform and non-uniform concrete. 
 
In addition to the aggregate gradation, concrete uniformity may affect concrete strength. 
Concrete has to be mixed properly to obtain a uniform concrete structure. As it is shown in the 
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schematic diagram in figure 4, coarse and fine aggregates have to be distributed uniformly to 
reduce voids and discontinuities inside hardened concrete [67]. 
Furthermore, curing is an important process influencing both concrete durability and strength, 
especially under hot weather conditions. Under hot weather conditions, hydration and 
evaporation process occurs more rapidly. Hence, concrete will require additional water for 
hydration, especially during the first week. If there is no enough water, major and minor cracks 
can form inside the concrete [68]. 
Finally, the degree of compaction and production method of the concrete are significant factors 
affecting strength and durability. For instance, proper use of a concrete agitator may eliminate 
the voids that may be present inside fresh concrete. 
 
2.2 Discontinuities and defects in concrete structure 
Concrete structures produced by using portland cement commonly achieve exceptional 
durability [69]. Therefore, it is the most widely used construction material in the world. 
However, severe external and internal factors may cause detoriations of the concrete structure. 
For this reason, aesthetic, functional and structural problems can be observed. As it is 
mentioned previously, concrete may deteriorate due to various chemical, physical, 
environmental and biological factors. The following sections of the present thesis discuss 
common causes of concrete defects. 
 
2.2.1 Cracks before the hardening process 
Fundamentally, concrete cracks may be divided into three main groups, which are: plastic 
shrinkage, plastic settlement and formwork movement cracks. They are frequently observed 




Significantly, plastic shrinkage cracks occur under hot and windy weather conditions. Due to 
bleeding and shrinkage combined with fast hydration, water inside the concrete moves upwards 
and evaporates suddenly resulting in cracks such as those shown in figure 5 to form [70].  
 
Figure 5: Plastic shrinkage cracks because of rapid evaporation on the surface [70]. 
 
Also, inadequate curing may cause this type of cracks to form on the concrete surface. To take 
preventive measures against the occurrence of this phenomenon, proper curing and wet covers 
can be applied on the concrete surface, especially during hot weather conditions.   
Furthermore, minor and major cracks as shown in figure 6, can form if concrete formworks are 
moved during the hardening process [71]. 
 





Apart from this, plastic settlement cracks may also form when fresh mass concrete suddenly 
moves to fill the large voids inside the structure. To prevent the cracks from forming, agitators 
can be used in fresh concrete during pouring process as shown in figure 7 [72].  
 
Figure 7: Agitators used to prevent cracks and segregation [72]. 
 
Moreover, the use of agitators can prevent segregation, void and discontinuity formation which 
are frequently observed after hardening [73]. 
 
2.2.2 Cracks after hardening process  
Bleeding crack is one of the main problems after the hardening process. Sudden movement of 
water in concrete towards the top surface causes settlement of the heavier particles such as 
coarse aggregate towards the bottom side of the structure. This results in high amount of water 
with low amount of cement and aggregate to accumulate on the surface as shown in figure 8. 





Figure 8: Bleeding on concrete surface. 
 
Spalling is a common problem especially in older reinforced concrete structures [75]. It is 
frequently observed after bleeding cracks form. Firstly, the water to cement ratio increases 
while concrete strength decreases on the concrete surface. After evaporation of the water, 
bleeding cracks are observed. Afterwards, external water and chlorine can easily pass into the 
reinforced concrete from its surface and cause corrosion of the rebars. Finally, the volume of 
the rebars increases and spalling cracks similar to those shown in figure 9. 
 




Honeycombing is another common concrete degradation mechanism. It occurs on the concrete 
surface when the amount of coarse aggregate particles is too high [76]. Furthermore, inadequate 
agitation can cause rough hardened concrete surface and discontinuities to form as shown in 
figure 10.  
 
Figure 10: Honeycombing distortions in hardened concrete [76]. 
 
Dusting, crazing and rain damage, as shown in figure 12 all adversely affect quality, durability 
and strength of concrete.  
 
Figure 11: Effects of dusting, rain damage and crazing on concrete surface [77]. 
 
Crazing forms an equiaxed pattern on the concrete surface because of inadequate curing and 
water shortage. Additionally, dusting occurs as a result of bleeding effects on the surface. 
Finally, rain droplets can damage concrete if a protecter such as cover is not used on the 




Experimental Methods Considered 
3.1 Summary of the chapter 
As mentioned in chapter 1, there are various types of different techniques which can be used to 
evaluate quality, durability and strength of a concrete structure. Concrete structural defects can 
be examined and evaluated using appropriate NDT without causing further degradation to the 
structure.  
This chapter is presented to explain which destructive and non-destructive testing techniques 
have been employed in this research study. Visual inspection, UPV and AE testing have been 
selected as the NDT techniques in order to perform accurate and reliable quantitative quality 
control of concrete beam and cubic specimens specifically produced for this study. To obtain 
the actual flexural and compressive strength values of the samples, compressive and flexural 
testing has been employed as destructive techniques in conjunction with the NDT techniques 
considered herewith.  
 
3.2 Destructive testing methods  
Destructive tests have been commonly used to directly assess concrete strength. There are 
different destructive testing techniques which can be used, such as pull out, pull off, core, 
bending, compression and splitting testing. Flexural and compressive strength tests are the most 
frequently used methods to obtain the exact strength values of concrete components of interest 
[78]. Core testing has been used often for the quantitative assessment of existing structural 
components. Destructive tests are also employed in order to validate the findings of NDT 
methods and increase confidence in the results obtained [79]. The data obtained can also be 
used to predict the future durability exhibited by a particular concrete structure.  
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Destructive testing can be the preferred approach for obtaining information about the actual 
structural condition of concrete, such as uniformity of a hardened concrete component.  
The destructive testing techniques used in this research study are discussed in the following 
sections. 
 
3.2.1 Flexural strength testing 
Flexural strength or bending testing has been used to classify materials according to the flexture 
strength or modulus of rupture recorded for the different sample used [80]. There are different 
standard formulations depending on specimen dimensions, loading points (P), inner distance 
between loading points (Li) and outer distance (L). The schematic diagram in figure 12 shows 
the test setup used for 4-point bending of concrete beam structures. The standard formula 
employed is also provided where P=F/2. 
 
 
Figure 12: 4-point bend setup of the flexure strength test. 
 
The flexural strength can be calculated using the formula below. 













 F is the load (force) and it is equal to 2P. 
 L is the length of the support span. 
 b is width. 
 d is thickness. 
The flexural test is used to also evaluate the tensile strength of the concrete. The method gives 
the failure load capacity of a reinforced or unreinforced concrete beam or slab undergoing 
bending. From the test results the modulus of rupture in MPa can be obtained quantitatively. 
Test specimens can be classified depending on their flexural strength capacity up to failure [81]. 
 
3.2.2 Compressive strength test 
Compressive tests are used to determine the compressive strength of cubic and/or cylindrical 
samples [82]. After the production of fresh concrete, cubic and cylindrical moulds are filled 
with fresh concrete to test their strengths in a laboratory. These moulds have specific 
dimensions as specified by the standard employed. General standard dimensions of cubic 
samples are shown in figure 13. After one day of setting, hardened concrete specimens can be 
moved from the construction site to the laboratory and placed in the curing pool. After twenty-
eight days in the pool, specimens can then be tested in compression.  
 




Compressive strength is obtained from the failure load divided by the cross-sectional area of 
the specimen. In modern tests, the dimensions of the specimens are entered as parametric 
information of the test and once the device applies the load the stress levels are calculated 
automatically. The exact same method can be applied on cylindrical core sample trepanned 
from an existing structure.  
For instance, the designed compressive strength of an existing structure may be equal to 30 
MPa. However, the strength may decrease as the structure ages, due to improper production or 
other factors discussed in chapter 2. Therefore, cylindrical specimens may need to be extracted 
from different components of a structure in order to perform compressive strength testing and 
evaluate the actual current compressive strength. By evaluating the compressive strength of the 
components of the structure durability and quality can be confirmed [83].   
However, as explained earlier, destructive testing causes undesired damage on existing 
structural components. Therefore, NDT methods are strongly preferred for estimating the 
quality, durability and strength of an existing structure. 
 
3.3 Non-Destructive Testing Methods  
There are many reasons to use NDT such as visual inspection, UPV or AE testing. First of all, 
voids, cracks, honeycombing and other types of defects, discussed already in chapter 2, can be 
determined. The quality and durability of an existing structure can hence be accurately 
quantified. Moreover, the location of  reinforcing rebars, their diameter and level of corrosion 
damage affecting them can also be assessed. Also, the bonds between hardened concrete and 
rebars can be examined by using appropriate NDT methods,  radiography or ultrasonic phased 





In addition, the approximate lifetime of an in-service  concrete structure (e.g. column, beam or 
slab) may be determined by investigating the porosity level, the presence of discontinuities, 
cracking and various other types of defects [87]. 
3.3.1 Visual inspection test 
Visual inspection is the oldest and most common NDT method for almost any type of concrete 
structure. Surface cracks can be readily detected and classified depending on their shapes and 
locations on the surface of concrete elements. Figures 14 and 15 illustrate the various crack 
types and their main causes [87-88].  
 
Figure 14: Types of hardened concrete cracks depending on some factors. 
 
The danger level arising from cracks can be determined depending on their shapes and depths. 
In figure 14, some critical crack types have been given in detail. For example, differential 
settlement earthquake and excess load cracks are extremely important because they may 
drastically affect strength and durability of the concrete components.  
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In addition, the depth, length and location of the crack are important in the estimation of the 
danger level arising. For instance, earthquake cracks, posing high danger level, generally occur 
in the joint between the column and beam. Therefore, they can increase the probability of 
structural collapse exponentially. Bending, moment and shear cracking, shown in figure 14, is 
critical. Such cracking can be detected by evaluating the angular shape of the cracks, frequently 
located at the bottom of a beam and top of a column [89]. 
Bleeding cracks and rain damage, shown in figure 14, also negatively affect hardened concrete 
surface durability and appearance. As explained in chapter 2, they can result in additional 
damage such as spalling as shown in figure 15 [90]. 
 
Figure 15: Types of hardened concrete surface cracks depending on the causes. 
 
In the presence of surface cracks, chlorine may pass into reinforced concrete structures and 
cause rebar corrosion. Cracking due to inadequate distance between concrete surface and steel 
rebars and cracking due to framework movement may have important effect, due to the large 
crack depths.  
Hence, visual inspection can quickly provide a general picture of the nature and severity of 
various crack types. Maintenance can then be decided depending on the visual inspection or 
further testing may be required to increase confidence in the findings and increase the reliability 
of the maintenance actions decided to be carried out [91]. 
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3.3.2 Ultrasonic pulse velocity testing (UPVT) 
As mentioned in chapter 1, ultrasonic testing is one of the most widely used NDT methods, in 
several industries.  Portable UT devices are widely employed for the rapid evaluation of 
concrete elements in construction sites. 
UT equipment consists of a piezoelectric transducer which operate at a given frequency. The 
piezoelectric element produces pulses of ultrasonic waves which are transmitted from the 
transducer to the test piece and propagate along its microstructure at a specific velocity which 
also depends on the type of wave (compressive, shear, Rayleigh, Lamb or creep).  
3.3.2.1 General procedure of the UPVT  
UT methods have been frequently used for the quality control of homogeneous materials such 
as metals and welds. UT has been increasingly employed for the quality and durability 
assessment of concrete materials [92]. UPV testing is a reliable and quick method for assessing 
the strength of concrete structures. Additionally, it provides a repetitive means of assessment. 
In other words, it can be performed as many times as required in order to maximise confidence. 
The test procedure for concrete materials has been specified in relevant standards, e.g. BS 4408 
part 5 and BS1881 part 203. 
Modern testing devices comprise of a transmitting and receiving transducer, ultrasonic pulse 
generator, time measuring circuit, time display unit and signal amplifier [93].  
In UPV the utrasonic pulse generator produces pulses which travel from the transmitting 





Figure 16: Working principle of UPVT. 
 
The display on the test devices shows the average travel time of the ultrasonic wave between 
the transmitting and receiving transducers  in μs as shown in figure 17.  
 
 
Figure 17: Display unit and an application of the UPV test. 
 
The average pulse velocity can then be calculated by using the formula given below provided 
that the distance between the two transducers has also been measured [94]. 
Velocity(V) =  
	 	 	( )	
	( )
 




Before applying the test, vaseline, liquid soap, grease or other similar gels can be used to couple 
the transducers on the surface of the testpiece, as shown in figure 17. Grease is suitable for 
rough surface as it removes the effect of air pockets and reduces acoustic impedance mismatch. 
Liquid soap on the other hand is good for coupling on relatively smooth surfaces. Gel eliminates 
air pocket between the surface of the transducer and concrete material and decreases the 
acoustic impedance mismatch enabling higher transmissibility of the ultrasonic wave energy 
into the concrete [95]. However, care needs to be taken to ensure the couplant path is not 
excessive as this will add to the distance travelled by the ultrasonic wave and will increase the 
error in the measurement. The couplant film needs to be maintained as consistent and as thin as 
possible in all measurements to avoid errors in the extrapolation of the strength.  
 
3.3.2.2 Application methods of UPV testing for concrete components 
In BS1881 and BS4408, three key application methods of UPV testing are discussed for 
concrete structures. They generally depend on the position of transmitting and receiving 
transducers. 
The first approach is direct transmission. It provides the most reliable pulse velocity results 
because pulse waves can be easily transmitted from the transmitting to receiving transducer, 
thanks to the fact that the transducers face against each other as shown in figure 18. Moreover, 
the sound path length can be measured very accurately although care needs to be given not to 
include errors arising from the couplant film thickness through which the ultrasonic wave also 




Figure 18: Direct and semi direct transmission techniques. 
 
The second approach is based on the semi-direct transmission, which is applied with an angle 
between the two transducers of less or equal to 90° as shown in figure 18. This approach is 
generally employed when direct transmission is not possible. It is less reliable technique 
because a part of the ultrasonic waves does not reach the receiving transducer [97]. 
Furthermore, because of the angle between transuders, the sound path length may not be 
accurately determined. Therefore, the results produced with this approach are prone to a higher 
level of error which needs to be taken into account [98]. 
The last approach is indirect or same face transmission. It has the lowest reliability because the 
exact sound path length cannot be measured to obtain an accurate ultrasonic pulse velocity 
value [99]. Additionally, it may not provide sufficient information regarding the entire concrete 
structure since the transducers are applied on the same face [100]. According to BS1881 part 
203, this method should be used when only one face of a concrete element is accessible. 
This particular UPV testing approach has been generally used on concrete slabs for the 






Figure 19: Effects of surface discontinuities on transition time and path length. 
 
The schematic drawings in figure 19 show different concepts used for indirect transmission of 
the ultrasonic wave. The drawings show the transition time and sound path lengths depending 
on crack depth. If the crack depth increases, so does the transition time of the ultrasonic waves. 
Hence the, measured pulse velocity appears to increase although in reality this is due to the 
longer sound path that the ultrasound is forced to follow when travelling from the transmitting 
transducer to the receiving one. Hence, apparent, ultrasonic wave velocity changes can be used 
to indirectly estimate the crack depths. Water filled voids and pore zones cause lower ultrasonic 








3.3.2.3 Measurement of the crack depth by using surface transmission 
As shownin figure 20, the first approach can be employed to measure the crack depth when the 
crack is propagating normal to the concrete surface [103]. 
 
 
Figure 20: Measurement of crack depth perpendicular to the surface. 
 
According to BS 1881 part 203, first formula to calculate the vertical crack depth ‘’h’’ is; 
h =	150 	 	 
Where, 
t1 is the transit time when x is 150mm; 
t2 is the transit time when x is 300mm. 
According to C.Watanable [104] an alternative formula that can be employed is the following; 
Path length without crack = 2x 
Path length around crack = 2√ + 	ℎ  
Surface travel time without crack = = Ts 
Travel time around crack = 
√ 	 =	Tc 
Crack depth = h = x − 1  
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In the formula proposed by Watanable, Ts can be obtained from non-crack location of the same 
concrete element by keeping the distance between the transducers at 2x. Tc is already obtained 
from the crack location. The relaibility of this formula can normally be ±15% according to 
experimental evidence. However, it may decrease when crack width is too small.  
In both cases, the distance, x, between the crack and each of the transducers has to be equal and 
the crack has to propagate normal to the surface as shown in figure 20. Many alternative 
approaches such as the Tc-To, Delta and L-L method can be applied for the measurement 
ofdepth of cracks propagating perpendicular to the surface. 
However, for the oblique or inclined crack types, different test methods should be selected to 
measure crack depth [105]. 
 
Figure 21: Crack depth measurement for the oblique or inclined cracks (BS 1881 part 203). 
 
In figure 21, an oblique crack and transducer arrangement is shown. According to BS 1881, 








Ta is the transit time for distance 2x; 




To employ this formula correctly, Tx has to be placed at a distance of 2.5x from the centre of 
the crack and Rx should be placed 2x and 3x distances from the centre of the crack to obtain T2 
and T3 respectively, where x is 150 mm. After these steps, the crack depth can be calculated.. 
 
3.3.2.4 Strength estimation for the concrete by using UPVT 
Concrete quality can be extrapolated from the average transition time of the pulses between 
transmitting transducer and receiving transducer. Also, the ultrasonic wave velocity can provide 
information about the strength, durability and homogeneity of the concrete structure [106]. As 
mentioned in chapter 2, various types of defects such as cracking and segregation can also be 
detected. 
Ultrasonic pulse velocity in a concrete sample increases when the compressive strength of the 
sample increases [107-108]. This is expected since the velocity of compression ultrasonic 
waves is a function of the Young’s modulus of elasticity of the material (E) and its density (ρ), 
whilst the shear wave velocity is a function of the shear modulus (G) and density (ρ) [6]. 
Generally, the elastic modulus of a material is defined as the slope of its stress-strain curve in 
the elastic deformation region [109]. 
In accordance with the ACI 318, 363 and BS8110 the general equation of the modulus of 
elasticity for a hardened concrete is: 
Ec = 33 wc1.5 (f’c)1/2 psi. 
Where,  
wc = Unit weight of the concrete, f’c   = Compressive strength of the concrete (after 28 days). 
The modulus of elasticity of concrete depends on its density and compressive strength [110]. 
However, compressive strength of the concrete may be affected by the type, amount and mix-




3.3.2.5 Factors affecting the pulse velocity in concrete  
Various experiments and reports have indicated that aggregate type, moisture content, concrete 
age, water to cement ratio, sound path length, discontinuities, defects, voids, porosities and 
cracks are the main factors affecting the ultrasound pulse velocity in concrete. Studies by R. 
Jones and I. Facaoaru have shown that the type, amount, shape, volume and mix-proportion of 
the aggregate remarkably affect the ultrasound pulse velocity [111]. 
Based on extensive experimental measurements plots associating ultrasound pulse velocity and 
compressive strength has been produced which are discussed later on.  
According to J. H. Bungey, velocity, intensity and direction of the pulse wave in concrete 
changes under the presence of rebars, voids and micro-crack as shown in figure 22 [112]. 
 




Figure 22 illustrates different experimental setups employed by Bungey [112]. In his 
experiments, specimen “a” indicates the concrete specimen without a rebar. Pulse waves 
transmitted through the specimen travel along the shortest path from transmitting to receiving 
transducer.  
Specimen ‘’b’’ is the reinforced concrete sample. An important part of the energy of the pulse 
waves travels along the steel rebars and a small amount of the pulses travels through the 
concrete itself. Rebars in this case serve effectively as wave guides. 
Bungey reported that the steel rebars present in concrete affect UPV measurements because the 
ultrasonic wave velocity in steel rebar is almost 1.7 times higher than that in concrete.  Bungey 
proposed certain relationships and formulas to quantify the effect of the presence of rebars in 
reinforced concrete UPV measurements. To achieve this correction factors were applied in 
order to obtain reliable ultrasound pulse velocity results [113]. 
Specimen ‘“c” was employed to evaluate the effect of shallow cracks on pulse direction and 
velocity. The presence of cracks decreased ultrasound pulse velocity and increased transition 
time between transducers. 
Sample “d” was used to evaluate the impact of narrow cracks on ultrasound pulse velocity and 
direction in concrete. Part of the ultrasound energy was reflected by the crack and other part of 
the waves was transmitted by losing their wave amplitudes and velocities.  
Specimen “e” considered the effect of wide cracks causing total reflection of ultrasonic waves.  
Therefore, for this particular scenario ultrasound pulse velocity could not be measured. 
Ultrasonic waves in specimens “f”’ and “g” travelled around voids and microcracks resulting 
in a reduction in wave energy and measured velocity. Also, the ultrasonic waves were capable 
of propagating through the water filled voids and microcracks but some energy was lost and the 
velocity decreased [114]. Significantly, scientists Popovic and Wu confirmed that the presence 
of micro-cracks in concretes led to a decrease in the measured ultrasonic pulse velocity [115]. 
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Apart from this, as shown in the following figure, R. Jones and I. Facaoaru reported that 
concrete samples made with lightweight aggregates had lower pulse velocity than concrete 
samples made with heavier aggregates [116].  
For instance, in concrete samples containing Leca, ultrasound pulse velocity was measured in 
the range of 3.3 km/s for 20 MPa compressive strength. However, for concrete samples 
containing gravel the measured ultrasonic wave velocity was found to be 4.5 km/s pulse 
velocity for the same compressive strength. The plots in figures 23 and 24 show the differences 
in ultrasonic pulse velocity for different aggregate types and different compressive strength 










Figure 24: Comparison of the specimens having gravel, granite and limestone [116]. 
 
 
As it can be seen in figure 24, concrete made with gravel has lower pulse velocity than limestone 
and granite for the same compressive strengths.  Additionally, for the same mixture design, i.e. 
for the same water to cement ratio, it was found that concrete sample having rounded stone 
aggregates had higher ultrasonic pulse velocity than the specimen containing crushed stone as 
its aggregate. However, their respective measured ultrasound pulse velocities were close to each 
other. Cement paste in hardened concrete has also been measured to have a lower pulse velocity 




Figure 25: Effect of the different mix-proportions for cement and aggregate [118]. 
 
Jones produced concrete samples, having various aggregate mix-proportions, to investigate 
their pulse velocities. He observed that for a constant water to cement ratio, higher aggregate 
content resulted in higher ultrasonic pulse velocities being measured. Moreover, it was noticed 
that the ultrasound pulse velocity in aggregate was generally higher than that measured for 
cement paste [118].  
The other factors affecting the ultrasonic pulse velocity in concrete are related to the cement 
type and chemical admixture employed. Although it was originally suggested that cement type 
and chemical admixtures did not affect the pulse velocity this was proven not to be the case 
after experiments reported in later studies carried out. Experiments involving different chemical 
admixtures decreasing hardening time of the concrete resulted in a slight increase of the 




Furthermore, water to cement ratio and concrete age have a significant effect on measured 
ultrasonic pulse velocity. According to several studies, increase of the water content in concrete 
decreases the compressive strength and corresponding ultrasonic pulse velocity [120]. 
 
 
Figure 26: Effects of the water to cement ratio and ageing factors [121]. 
 
Figure 26 shows the increase in the measured pulse velocity with hardening for the ageing 
during the first 7. Approximately 7 days later, measured ultrasonic pulse velocities are almost 
constant. From the plots in figure 26, it can be concluded that the ultrasonic pulse velocity 
decreases while the water to cement ratio is higher. Water to cement ratio decreases the concrete 
strength and increases the void ratio in concrete. In the long term, concrete ageing adversely 
affects the ultrasonic pulse velocity because the hydration process goes on throughout its entire 
lifetime. Therefore, the amount of water decreases and void ratio increases with time. Hence, 
the increasing void to volume ratio results in a noteworthy reduction in the measured ultrasonic 







Figure 27: Effect of the distance between transducers [122]. 
 
 
Jones also identified that the distance between the transmitting transducer and receiver did not 
affect the measured ultrasonic pulse velocity above a certain length. However, for ultrasound 
path lengths lower than 100 mm strong variability is observed in the measured ultrasonic pulse 
velocity due to the heterogeneous nature of concrete at local level [122]. BS1881, part 203 
recommends that the minimum path lengths set are 100 mm and 150 mm for 20 mm and 40 
mm maximum aggregate size respectively.   
A number of studies have suggested that for temperatures between 5 and 30°C no significant 
changes in ultrasonic pulse velocity occurred. However, during freezing and thawing conditions 






Figure 28: Effect of moisture content [125]. 
 
 
The ultrasonic wave pulse velocity, measured for a saturated concrete sample, was 
approximately 5% higher than a dry concrete specimen having the same mixture content. Also, 
this change depended on concrete porosity because it was estimated that the dry specimen had 
a higher void to volume ratio than the wet sample [125]. 
 
3.3.2.6 Measurement of the concrete quality by using UPVT 
By using UPV testing, the exact strength value of a hardened concrete cannot be obtained. 
However according to many studies, concrete quality can be successfully estimated [126]. As 
it was discussed earlier, the concrete void to volume ratio increases year by year and hence the 
ultrasonic wave pulse velocity and compressive strength should decrease simultaneously [127]. 
Although concrete durability can also be estimated through UPV measurements, results may 
vary considerably depending on concrete age, as well as external and internal degradation 
factors mentioned in chapter 2, 3. 
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International standards have been used to classify concrete quality depending on ultrasonic 
pulse velocity [128]. These standards present generalised ultrasonic pulse velocity ranges 
according to which concrete condition can be classified as poor, good, very good and excellent 
as shown in table 1,2 and 3. 
 
Table 1: Concrete quality classification based on BS 1881, 1983. 
 
 
Table 2:  Pulse velocity limits according to ASTM. 
 
 
Table 3: Suggestion of J.R. Leslie and W.J. Cheesman for concrete quality estimation [129]. 
 
Table 1, from BS 1881 and 1983, shows the quality classification of concrete based on 
ultrasonic wave velocity. Table 2 shows the classification according to the ASTM international 




3.3.3 Acoustic Emission (AE) Testing 
AE testing operating principles are significantly different from those of UPV testing as 
discussed next. Firstly, AE sensors are passive, detecting or “listening” the acoustic or elastic 
stress waves generated inside a material while UPVT transducers produce interrogating 
ultrasonic pulse waves which are transmitted from the transducer through the specimen. 
Secondly, AE sensors can only detect active defects, i.e. a growing crack emitting elastic stress 
waves at each tip as it grows. Therefore, a load or a stimulating event causing damage evolution 
is required for AE sensors to detect damage. Hence, AE testing requires sufficient stress to be 
applied for damage to propagate, while UPV testing does not require any loading to be applied. 
Furthermore, each AE application has unique features, but UPV inspection is largely repeatable. 
AE is far more sentitive than UPV testing since even microcracks propagating are potentially 
detectable. AE is less geometry-sensitive, whilst UPV has high geometry-sensitivity. More 
importantly, by using a sufficient number of AE sensors the entire concrete structure can be 
tested at once. However, UPV can only interrogate the area immediately in front of the sound 
path. 
 
3.3.3.1 General procedure of the AE testing for concrete material 
The photograph in figure 29 shows the main components comprising a commercial AE testing 
system, including AE sensors, pre-amplification, data acquisition, display and storage. One of 




Figure 29: AE test measuring system used in the research study. 
 
 
Figure 30: AE system architecture. 
 
The simplified schematic diagram in figure 30 shows the typical AE system architecture.  Crack 
propagation will result in elastic stress waves emitted towards the surface of the sample. These 
elastic stress waves as they propagate along the surface will cause local deformations which 
despite being minor are sufficient to cause the AE sensor to detect them through the direct 
piezoelectric effect [130]. A crack will only produce signals when a sufficiently high load is 
applied on the structure to cause the tip of the crack to propagate. If no propagation occurs then 
no AE activity will occur.  The AE sensor electric signals have very low intensity and therefore 
need to be amplified using an appropriate preamplifier as shown in figure 31. In this study 




Figure 31: R50A resonant AE sensors and PAC pre-amplifiers employed in the research 
study. 
 
Generally, the acoustic waves generated within the concrete specimen are very weak. 
Therefore, the pre-amplifier alone is not sufficient and a main amplification stage is also 
required in order to increase the gain of the captured signals.  
AE signals are generally filtered using appropriate band filters in order to collect the signals of 
interest related to damage propagation and reject any unwanted background noise [131]. This 
increases the quality of the AE data and improves the interpretation reliability of the results 
obtained with the respect to the damage accumulated in the test piece being monitored.  Finally, 
the electric signals are digitized by a high-speed data acquisition board with two or more 
channels and the data are stored in a computer file. 
 
3.3.3.2 AE signal characteristics 
The AE signals have typically burst-like characteristics as shown in the schematic diagram in 
figure 32. The main features of interest in an AE signal include the signal threshold, i.e. the 
amplitude above which a signal will be recorded, the signal duration, the count number, i.e. 
how many times the signal exceeds the threshold, the maximum amplitude, the rise-time, i.e. 
the time taken for the signal to reach its maximum amplitude and the energy which represents 




Figure 32: Main terms of an AE signal [132]. 
 
As shown in figure 32, duration indicates the time gap between the start pand end of the AE 
signal. Duration is measured in μs.  The AE signal energy is related to the magnitude of the 
event and its duration [132]. The schematic diagram in figure 33 shows the principle of AE 
testing. 
 
Figure 33:  AE waves originating from a propagating crack as a flexural load is applied. 
 
Figure 33 also illustrates the testing setup for a concrete beam specimen under four-point 
flexural loading. Due to the applied stress crack growth and dynamic displacements will occur 
inside a concrete structure resulting in AE waves to be emitted. The AE sensors will detect and 




Figure 34: General behaviour exhibited by a hardened concrete specimen under compression 
[134]. 
 
The plot in figure 34 shows a typical AE signal generated in a hardened concrete element under 
flexural stress. AE activity increases as deformation increases. Ultrasonic wave velocity 
decreases as displacement increases and damage accumulates with increasing deformation 
[134].There are two main AE waveforms; namely the continuous and burst type as shown in 
figures 35 and 36 respectively. 
 





Figure 36: Example of a burst AE waveform. 
 
Continuous AE signals are generally detected in ductile materials such as mild steel. Because 
of the ductility, AE signal duration is longer resulting in a continuous waveform with a much 
longer duration than burst-type waveforms.  
Burst AE waveform is mainly detected in brittle materials or materials with lower ductility. 
Hardened concrete generally exhibits sudden failure under increasing flexural stress when a 
critical value has been reached. In concrete due to its brittle nature burst-type AE signals will 
generally be detected under flexural stress [135].  
 
3.3.3.3 Kaiser and Felicity effect in AE testing 
The Kaiser effect is an important consideration in all AE tests and should never be ignored as 
it could have catastrophic consequences. As mentioned earlier, Joseph Kaiser discovered the 
effect named after him during his Ph.D. studies in the 1950s. The Kaiser effect describes the 
lack of AE activity until a specific previous highest load has been exceeded. It results from the 
changes and damage that have occur in the material during previous loading steps which do not 
evolve further until the previous maximum stress has been exceeded [136].  
The plot in figure 37 shows both the Kaiser and Felicity effects. The sample is initially gradually 
loaded from 0 up to point B. During loading at point AE damage begins to evolve in the sample 
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and hence AE activity starts to accumulate. At point B the load is reduced up to point C. While 
the load is reduced no appreciable AE activity is recorded. Subsequently the sample is reloaded 
from point C to point B. Up to point B which is the previous maximum no further AE activity 
is recorded. However, as soon as the load exceeds point B appreciable damage begins to 
accumulate once more. As the load is increased further and more damage accumulates the 
sample is nearing its failure point. At the same time AE activity accumulates exponentially up 
to point D. At this point the sample is again unloaded down to point E. During the unloading 
again the recorded AE activity is minimal. However, as the sample is loaded once more, 
appreciable AE activity begins to accumulate at point F which is a lower load than the previous 
maximum in point D. This is known as the Felicity effect and it occurs when the material is 
closing nearer to failure and accumulated damage has reached a critical level. Subsequently, 
the AE activity accumulates at a dramatic rate with every small increment in load, finally 
reaching a maximum at the point of failure which occurs at point G. H shows the total AE 
activity recorded including the fracture event which takes place at the loading level indicated 
as point G in the plot [137]. 
 




B-D part is also called as the stable phase.  If the load level D is exceeded, the material enters 
unstable phase. In other words, after passing level D, drastic cracks and discontinuities occur.  
The Felicity effect is quantified using the Felicity Ratio F/D where F is the resuming AE activity 
load and D is the previous maximum load.  
If the Felicity Ratio is higher than 1, stable damage propagation will occur with increasing 
applied load. If the Felicity Ratio it is lower than 1, then the material has entered the unstable 
phase and failure is imminent (D-H). As mentioned earlier, macro-cracks reach critical size at 
this stage [138]. 
In brief, the Kaiser and Felicity Effects have been widely used to detect major structural defects 
and evaluate stable and unstable phases. Thanks to these two Effects, AE signals can be 
catagorised depending on their significance. 
 
3.3.3.4 Determination of the concrete quality and durability using AE testing 
AE testing has been used as a tool for condition and structural health monitoring method for 
various types of structures such as bridges, dams, buildings, power plants, wind turbine blades, 
etc. It allows the timely detection of important structural problems which could result in 
increased collapse or failure risk. AE has been employed in a wide range of applications 
including the evaluation of the structural integrity of critical components, the detection and 
localisation of defects, detection of leaks in pressure vessels and the assessment of weld quality. 
Furthermore, it can be used to detect corrosion activity and creep damage in metal components 
in steel pipes, storage tanks and pressure vessels [139].   
AE sensors are capable of detecting AE waves originating from the propagation of both micro 
or macro-cracks and dynamic displacements occurring inside a structural component such as 
column, beam, slab and bridge cable. The acquired AE signals are then statistically analysed to 
evaluate damage levels in a particular structure under monitoring. 
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The properties and characteristics of recorded AE signals provide reliable information about 
the structural health of an engineering component. As explained in the following chapter, 
significant changes in AE energy, cumulative energy, root-mean-square, amplitude, frequency 
and other AE signal properties contribute in the evaluation of the quality, durability and overall 
compressive strength of concrete structures [140].  
CHAPTER 4 
Experimental Results and Discussion 
 
4.1 Summary of the chapter 
This chapter will discuss the experimental work, results obtained and their analysis for different 
concrete samples of varying quality. The samples on which the experiments were carried out 
have been divided into two groups, namely experimental group 1 and 2. The following sections 
will detail the experimental work carried out together with the salient points arising from the 
results obtained together with the analysis carried out with respect to the quantitative 
assessment using NDT means. 
 
4.2 Experimental group 1 concrete samples 
This part of the thesis described the approach followed for the quantitatively evaluating the 
quality experimental group 1 concrete samples by using a combination of visual inspection, AE 
testing and UPV measurements.  The reliability arising from the application of the selected 
NDT techniques for estimating concrete durability, quality and strength has been investigated 
and the findings are presented in this chapter. The effect of different mixture contents, such as 
water to cement ratio on the destructive and NDT results are analysed in detail.  
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Experimental group 1 consisted of 6 concrete beams and 6 cubic concrete specimens as shown 
in figure 42. These specimens have been produced using two different mixture contents having 
diverse cement types, chemical admixtures and mixing analogies. As a result, they exhibit 
different compressive and flexural strength levels. Two specimens were prepared using one 
type of mixture for testing after seven and twenty-eight days respectively.  
After preparation of the specimens, visual inspection, UPV measurements and AE tests were 
carried out in order to evaluate the quality of the concrete samples produced as well as quantify 
damage propagation during mechanical testing.  The changes arising in the ultrasonic wave 
velocity measurements were related to the strength values obtained from the mechanical tests 
carried out. In addition, AE signal characteristics such as energy, root-mean-square, amplitude 
and frequency were examined in relationship to the measured concrete strength.  
Compressive and flexural strength testing were carried out on group 1 samples in order to obtain 
the actual strength values. NDT testing results have been correlated the destructive testing data 
to assess reliability. Furthermore, specific interpolations and correlations have been researched 
to correctly estimate concrete durability, quality and strength using UPV testing and AE results. 
More specifically, AE data were acquired during compressive and flexural testing. AE activity 
was monitored and correlated to concrete damage evolution in conjunction with the mixture 
content and strength exhibited. Damage quantification with increasing load has been evaluated 
and degradation of the structural integrity plotted against increasing load for experimental group 
1 samples. Various statistical analysis methods such as cumulative energy have been considered 






4.2.1 Preparation of the group 1 samples 
Concrete specimens of experimental group 1 were prepared using two different mixture 
contents as shown in figure 38 and summarised in table 4. Maximum aggregate diameters of 
the first and second mixtures were 1 mm and 5 mm respectively. Also, there were two different 
chemical admixtures employed to decrease hardening or setting time and increase concrete 
strength.  
The cement type of experimental group 1 samples closely resembles that of CEM 1 or portland 
cement. However, they also contain calcium chloride as chemical admixture. Calcium chloride 
has been used to reduce the setting time and increase the concrete strength. Therefore, the 
cement types in mixture 1 and 2 have similarities to composite cement types CEM 2 and 5 
already discussed in chapter 2. 
 
Figure 38: Mixture designs 1 and 2 in the experimental group 1. 
 
The water content used for these mixtures was calculated according to the specified water to 





Table 4: Mixture content of number 1 and 2. 
These two mixtures have high compressive strengths which were estimated in the range 
between 90 and 120 MPa for 28 days. Their water cement ratios are so low because the increase 
of the water content leads to a decrease in the compressive strength of the concrete. These types 
of concrete have been generally used in high-end structures such as wind turbine foundations.  
After preparation of the fresh concrete mixtures, they were cast in cubic and beam molds. The 
cube dimensions were 100x100x100 mm and beam dimensions were 100x100x500mm as 
shown in figure 39 and 40. 
 
 





Figure 40: Specimen types and numbers of specimens produced in group 1. 
 
After one day, hardened concrete specimens were remolded and put into the curing pool shown 
above. Curing is the procedure used for promoting the hydration of cement and adjusting 
temperature and moisture content into the concrete.  
Therefore, concrete specimens have to be put in a curing pool according to many national and 
international standards such as BS1881, ASTM and Turkish Standard TSEN. 
All specimens from experimental group 1 were placed in the curing pool for 7 and 28 or more 
than 28 days, which were specified as standard time periods to test concrete specimens. Finally, 
they were given individual codes to allow discrimination between them and their mixture 
groups as shown below in table 5. Each of the codes has been used for both beam and cube 
samples.  
 




4.2.2 Destructive testing for the group 1  
For the destructive tests, compressive and flexural strength experiments were carried out on the 
specimens of experimental group 1 in order to obtain the exact strength value for each one. Ths 
was done in order to validate the relationship between the ultrasonic pulsed velocity 
measurements as well as damage propagation monitored using AE. Compression tests were 
carried out on the cubic specimens of experimental group 1 whilst flexural strength tests were 
applied on the beam specimenstogether with AE structural health monitoring.  
 
4.2.2.1 Compressive strength testing results for group 1 samples 
Compressive strength testing was carried out on the cubic specimens made using mixtures 1 
and 2. Each sample was tested after 7, 28 or more than 28 days. The dimensions of the 
specimens were input to the test device shown below before the compressive load was applied. 
The compressive strength was displayed as shown in figure 41. 
 
 
Figure 41: The compressive testing device showing the results of S4. 
 
The test device applies compressive load until the specimens fail. Then, it records the failure 




Table 6: Compressive strength testing results of the group 1 cubic specimens. 
 
According to table 6, compressive strengths of the specimens are significantly different from 
each other, with the exception of S3 and S5.  During the ultrasonic pulse velocity measurements, 
the velocities recorded for each specimen are related to their compressive strength results.  
 
4.2.2.2 Flexural strength testing results for the group 1 
Four-point bending tests were carried out in conjunction with AE structural health monitoring 
of the samples. Four R50A sensors were used to monitor the AE activity and a sampling rate of 
2MS/s. The pre-amplification was set at 40dB whilst the main stage amplification was set at 




Figure 42: 4-point bending setup and AE testing from research studies. 
 
During the bending test, 10x10x50cm concrete beam specimens were placed on two roller 
supports.  Afterwards, force was applied with the help of the loading cell from the top at two 
points. The load was gradually linearly increased until the sample catastrophically failed in 
brittle fashion. The failure load was recorded by the test machine. Table 7 summarises the 
flexural strength values obtained from the flexural tests for each of the samples. 
 
 
Table 7: Bending test results of beam samples in group 1. 
 
As it is shown above, flexural testing results of the beam specimens are in good agreement to 
the compressive strengths values obtained from the tests on the cubic specimens the results of 
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which were summarised earlier in table 6. Specimen 1 has been found to have the lowest 
flexural strength as well as the lowest compressive strength.  On the other hand sample 4 has 
been found to exhibit the highest flexural strength and highest compressive strength. As it can 
be clearly seen from the compressive and flexural results obtained, there is a significant 
difference between samples 1 and 4. The flexural strength of specimen 2 is remarkably lower 
than that of samples 4 and 6. Furthermore, there are significant similarities among the recorded 
flexural strengnth values of S3 and S5 samples.  Simular characteristics were expected to be 
observed in the ultrasonic pulse velocity and AE testing results.   
 
4.2.3 Non-destructive testing of group 1 
For pulse velocity measurements, various types of UPV testing equipment  are used by the 
construction industry. Here a commercial UPV testing device has been used to evaluate the 
ultrasonic wave velocity in the different samples produced and relate the results to the 
mechanical test results reported in the previous section.  AE testing has been employed as an 
advanced condition monitoring method for the evaluation and quantification of structural 
damage during flexural loading up to final failure [141]. 
Preliminary visual inspection was employed in order to evaluate the specimens for any surface-
related irregularities or defects which could affect adversely the test results obtained. 
 
4.2.3.1 Ultrasonic pulse velocity testing for the group 1 
For coupling purposes vaseline is applied to the surface of the transducer and receiver to 
eliminate any air pockets and decrease the acoustic mismatch at the sensor and sample surface 
interface. Both direct and semi-direct transmission measurements were performed as shown in 




Figure 43: Calibration of the test device and application of direct, semi-direct transmission. 
 
Before any measurements a calibration block was used to ensure consistency and accuracy of 
the UPV measurements carried out.  
 
4.2.3.2 UPV testing results and discussions for the group 1 
Pulse velocity results of the group 1 are presented below with their corresponding compressive 
and flexural strength values. 
 
Table 8: Direct and semi-direct transition time and velocities for the group 1 specimens. 
 
By looking into the results shown in table 8 above, it is evident that there is a good correlation 
between concrete strength, quality, durability and measured ultrasonic pulsed velocity. 
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Generally, as the strength increases so does the measured ultrasonic pulsed velocity.  
However, discrepancies can be observed for samples with similar compressive and flexural 
strengths but these are related to the different mixtures used.  
In experimental results of the group 1, the recorded ultrasonic pulse velocity results were 
approximately between 3900 and 4700 m/s. According to the evaluation based on the BS1936 
and BS1881, these results indicate that the quality and durability of the samples is good to 
excellent. In other words, the specimens do not contain any major cracks, discontinuities, 
deformation, large air bubbles or voids, segregation or suffered from degradation at 
macroscopic scale. 
Apart from this, their strengths are not easy to accurately estimate just by looking at the 
measured ultrasonic pulse velocities because most of the results are not directly aligned with 
the mechanical testing strengths. For instance, the compressive strength of specimen 2 is higher 
than the strength of specimen 1 while their pulse velocities are indicating the opposite.  
Moreover, the compressive strength of sample S3 is almost equal to that of sample S1, although 
the measured ultrasonic pulse velocities for each of them is different.  
As discussed already, the samples tested were produced from two different mixture contents. 
Therefore, they have different void to volume ratios, different maximum aggregate diameters, 
cement and chemical admixture types. These factors can cause the ultrasonic pulse velocity 
differences observed in the measured values. 
However, it is still possible to qualitatively evaluate the concrete strength based on the 
ultrasonic pulse velocities measured, if the concrete samples have similar mixture contents and 
have been aged for the same time. For instance, the pulse velocities of specimens 2,4 and 5 are 
similar to their compressive and flexural strength values. In other words, magnitudes of their 
velocity and strength values can be classified by following the same order.  
79 
 
For example, S2 which is the sample with the lowest ageing time, exhibits the lowest pulse 
velocity in comparison with S4 and S5, whilst also exhibiting the lowest compressive strength. 
In addition, S1, S3 and S6 which were produced from the same mixture content, but different 
ageing times exhibit similar results. Therefore, their pulse velocities and compressive strengths 
have also been following the same order as for the samples made with the other mixture.  
S1 has the lowest compressive and flexural strength and pulse velocity overall while S6 exhibits 
the highest values among the mixture 2 specimens.  
On the other hand, there are not simple correlations between the magnitudes of the pulse 
velocities and concrete strengths measured. For example, the ratio of the compressive strength 
of S1 and S6 is 0.69, though the ratio of their pulse velocity values is 0.95 which suggests the 
relationship of strength with ultrasonic pulsed velocity is non-linear. Similarly, the ratio 
between the compressive strength of S1 and S3 is 0.71, although their ultrasonic pulse velocity 
ratio is 0.91. Apart from the examples from mixture 2 samples, the correlation between the 
compressive strength of S2 and S4 is 0.67, while the ratio of the measured ultrasonic pulse 
velocity values is 0.84.  
Therefore, it can be concluded that pulse velocities of the specimens from mixture 1 and 2 do 
not have the similar ratios when comparing their strength and ultrasonic pulse velocity values. 
Therefore, an interpolation has been attempted in order to reliably estimate concrete strength 





Figure 44: Correlation between UPV and the strength values from the mixture 1 samples. 
 
The plot in figure 44, shows the ultrasonic pulsed velocity values with compressive strength for 
the specimens of mixture 1. The experimental data together with linear interpolations are 
presented in order to analyse the relationship between ultrasonic pulse velocity and compressive 
strength values measured.  
It can be obviously seen that the ultrasonic pulse velocity rises exponentially when the 
compressive strength increases. However, these increments are different from each other. For 
instance, a drastic increment is observed from 4114 m/s to 4630 m/s when the compressive 
strength increases from 122 to 140 MPa. However, the ultrasonic pulse velocity exhibits only 
a minor increase from 3921 m/s to 4114 m/s while its compressive strength value has increased 
from 90 to 122 MPa respectively. 
Furthermore, it can be clearly seen that the slope is clearly higher than the second one further 
highlighting the non-linear relationship of ultrasonic pulsed velocity with concrete strength. 
Nevertheless, the pulse velocity and strength results obtained are generally in agreement in 
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terms of their trends. Hence, the compressive strength values are consistent with the ultrasonic 
pulse velocity results.  
However, as mentioned previously, there is no simple relationship between ultrasonic pulse 
velocity and compressive strength since it is non-linear in nature. Therefore, further work is 
required in order to attain accurate compressive strength estimations using just ultrasonic pulsed 
velocity measurements. Moreover, there is a clear need for calibration samples based on the 
same cement mixture. 
As explained earlier, apart from the strength estimations, durability and quality of the group 1 
samples can be obtained from their ultrasonic pulse velocity values using empirical quality 
classification tables. According to the BS1881, the samples from mixture 1 are classified 
between the good and excellent condition. 
 
 
Figure 45: Correlation between UPV and the strength values for the mixture 2 samples. 
 
The results for mixture 2 samples are summarised in figure 45. Similar to the previous figure, 
it is apparent from the plot in figure 45 that the pulse velocities have been risen importantly 
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from 4219 to 4424 m/s when the concrete strengths have climbed exponentially from 86 to 125. 
Additionally, slope of the first line is greater than inclination of the second plot. 
Significantly, it may be clearly observed that pulse velocity results of the S1 and S3 are 
remarkably close to each other, though their compressive strengths have been noticeably 
different. Moreover, the pulse velocity difference between S1 and S3 is 90.5 m/s because the 
compressive strength of S3 is 35.5 MPa higher than the strength of S1. However, pulse velocity 
of the S6 is 114.9 m/s greater than the velocity of S3, although the distinction between their 
compressive strengths is only 3MPa. 
 
4.2.3.3 Acoustic emission tests for the group 1 
As expailened formerly, to apply AE test, concrete specimens have to be under a specific load 
or load combinations because AE test can not be used without it. For this reason, flexural load 
has been applied to the concrete beam specimens during the AE tests. First of all, flexural 
strength test device and AE system components monitor and digitization unit, amplifiers and 
sesors are connected to each other. It is shown in figure 46 and explained in the chapter 3. 
  
 
Figure 46: Connections of the sensor, amplifier, display and digitization components. 
 
After combining of AE test components, the sensor locations are specified on the concrete 
samples and 4 AE sensors are placed on beam specimens of the group 1 by using a kind of glue 




Figure 47: Placing of the sensors on the concrete surface by using a glue. 
 
Afterwards, calibration process has been started by employing the pencil lead test which is 
applied to obtain information about sensivity of AE device and to test its reliabilty. During the 
test, the 4 sensors have to percieve each break as AE hits shown in the next figure.  
 
 
Figure 48: AE hits during the pencil lead test. 
 
The number of hits has to be equal to the amount of pencil breaks. For instance, in our research, 
a mechanical pencil breaks 10 times and the display unit shows at least 10 AE hits indicated in 
figure 48. That means the AE system is successfully detecting AE waves traveling through the 
beam specimens. 
After these processes, flexural strength and AE tests are simultaneously applied to beam 




Figure 49: 4 point bending setup and AE application. 
 
During the flexural strength test, tensile stress increases on the bottom of the beam, while 
compressive stress has been rising on its top. Additionally, dynamic displacements, minor and 
major cracks, important defects and discontinuities have occured inside the beam structures.  
 Afterwards, as explained formerly, dynamic displacements, minor and major cracks may 
propagate the AE waves inside the sample. Then, these AE waves are detected by AE sensors 
and transfered to the amplifiers as electrical AE signals. Finally, they reach to digitization unit 







4.2.3.3.1 AE energy results and discussion for the group 1 
AE results of the group 1 specimens are plotted as specific graphs which are energy, cumulative 
energy, root-mean-square, frequency and amplitude versus time. 
The first plots of AE results are represented as energy versus time graphs for S1, S2 and S3 in 
figure 50. Afterwards, they have been converted to cumulative energy graphs to analize their 
energy increments in detail. As mentioned in chapter 3, energy means the magnitude of acoustic 
emission ‘’hit’’. Hit occurs when an AE signal exceeds the ‘’threshold’’ value [142]. Threshold 
is limit value of AE to record signal waves as AE signal. 
Most importantly, increment of AE energy represents increase of intensive AE activities, 
collapse or failure risks, dynamic displacements, major and minor cracks, defects, deformations 
and discontinuities [143].  
 
 




It is apparent from the plot in figure 50 that the specimen 3 has the highest compressive and 
flexural strength if it is compared to S1 and S2. Additionally, Its AE energy reaches to the 
highest level before its failure. In contrast to the UPV results, AE signal values are not affected 
by the different mixture contents. For instance, AE signal values of the S1, S2 and S3 have been 
following the same order with their compressive and flexural strength values.  
 
 
Figure 51: Plot of the AE cumulative energy versus time for S1,2,3. 
 
The other significant plots, in figure 51, indicate the AE cumulative energy plots up to the 
energy value 20000 (10µs Volt-sec/count). Additionally, it shows important energy increment 
stages named as a, b, c, d, e, f, g and h. The cumulative energies of S1,2 and 3 increase vertically 
beyond f, c and h levels, because of the fracture or failure. Therefore, these stages can be named 
as critical energy levels 
It may be clearly observed that S3 has more energy increment levels than S2 and S1. 
Furthermore, S2 shows rapid increase from stage c to d. This type of sharp increments 
represents important acoustic events such as AE wave coming from a major crack [144]. 
Therefore, it can be estimated that S2 experiences a greate damage while its cumulative energy 
is rapidly climbing from c to d. 
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Moreover, S1 and S2 generally experience steady growths while S3 is generally indicating 
exponential rises in its cumulative energy graph. For instance, S1 and S2 increase gradually 
from a tob while S3 is showing sharp increase shown in figure 49. Furthermore, the energy plot 
of the S3 has the higher slope than S2 and S1. 
Apart from S1,2,3, the energy results of S5 and S6 are ploted below.  
 
 





Figure 53: Plot of the AE cumulative energy versus time for S5 and 6. 
 
In figure 52, maximum AE signal energy of the sample 6 is remarkably higher than the 
sipecimen 5. Additionally, the following figure shows the AE cumulative energy plots up to the 
energy value 25000 (10µs Volt-sec/count). it may be clearly seen that the cumulative energy 
plot of the sample 6 shows the dramatic rise from its bottom to the B which is critical level 
before the fracture. On the contrary, specimen 5 climbs steadily to its critical level A. 
In the case presented in the previous figures, the highest amount of the acoustic activities has 
been observed in specimen 6 as compared with the other beam specimens of the group 1. 
 It has the highest cumulative energy slope than the other graphs. Moreover, two significant 
slopes can be observed in the cumulative acoustic energy of S6. The first slope near its bottom 
indicates a small amount of energy accumulation, which is related with a low amount of 
distortions in the specimen [145]. After an important energy level, the ratio of damage 




Figure 54: Cumulative energy comparison of S2,3,6. 
 
Furthermore, as shown above, cumulative energy plot of the S6 has the greatest slope when its 
cumulative energy experiences sharp increments.  
In the same figure, it may be clearly observed that the cumulative energies and slopes of the 
graphs increase as the concrete strengths are increased. For instance, sample 2 has the lowest 
strength values and AE cumulative energy slopes and energy levels while the sample 6 has been 
showing the highest strength values, cumulative energy slopes and levels. 
Most importantly, these cumulative energy plots indicate a part of their final cumulative energy 
levels. Acording to the experimental results, S6 has the highest final cumulative energy value 
than the other samples. Generally, there are good correlations among the compressive and 
flexural strength values and AE energy results. 
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4.2.3.3.2 Quantifications of the progressive structural integrity losses for the 
group 1 samples. 
Structural integrity is the term used for the performance analysis of a material, structure, and 
structural component. It represents the collapse-resisting capability of an item to hold together 
its components under internal and external loads such as its own weight, compression, tension, 
torsion, shear and bending without deforming excessively [146]. Additionally, it is so 
significant to resist progressive collapse in structures. Progressive collapse may be observed 
when a primary structural component, such as a column, beam and slab, fails [147]. Especially 
within the construction industry, there are some significant codes containing structural integrity 
term such as ASCE-7 ACI-318, BS 5950 and BS 7910.  
Inside a concrete material, progressive structural integrity losses may be originated by the 
deformations such as major and minor cracks, dynamic displacements, defects and distortions 
explained in chapter 2 and 3.  
To quantify the deformations and structural integrity losses inside the concrete samples, AE 
signal properties such as AE energy may be used. Especially, cumulative energy values may be 
successfully employed [148].  
To prove this, some significant theories, relating the crack characteristics, may be researched 
to compare with the cumulative energy plots in this research study. For instance, in 1963, 
American scientist Paul C. Paris and Turkish scientist Fazil Erdogan published an important 
theory relating the stress intensity factor to crack growth rate under a fatigue stress regime. 
They had been tried to detect three significant crack growth phases, shown in figure 55, under 
an increased load cycle. Today, this theory has been known as Paris–Erdogan Law. Especially, 





Figure 55: Paris-Erdogan crack growth model and cumulative energy plot of the S3 [149]. 
 
 
Figure 56: The fatigue crack growth model presented by J. R. Rice and D. M. Tracey [150]. 
 
Additionally, there are similar crack growth models found by different scientists. For example, 
J. R. Rice and D. M. Tracey research the crack length and growth rate depending on the 
increased load cycle. Finally, they produce an important model shown in figure 56 [149-150]. 
Most importantly, there are many significant similarities between the AE cumulative energy 
plots and the most popular crack growth models. For instance, as indicated in figure 55, the 
Paris-Erdogan model and cumulative energy plot of the sample 3 show 3 significant phases. 
Additionally, the shape of the model is so close to the plot of S3.  
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Therefore, it may be concluded that the AE cumulative energy values represent the crack 
propagations inside the concrete samples. Most significantly, they may give information about 
the structural integrity losess inside the specimens. 
 
 
Figure 57: An example of the quantification of the progressive structural integrity loss. 
 
To investigate the damage quantification process, figure 56 has been presented. As mentioned 
formerly, cumulative energy plot of the sample 2 indicates a significant energy increment from 
level c to d. To quantify the damage between these levels, structural integrity loss may be 
detected by using some statistical approaches.  
First of all, the magnitude of the energy increment A may be easily found by looking energy 
values on the vertical axis. Additionally, energy level f, representing the maximum energy 
before the failure, may be properly obtained from the same axis. Afterwards, a  statistical 
proportion may be found between cumulative energy increment A and structural integrity loss 
x, as shown in figure 57. Additionally, the result may be obtained as a structural integrity 
number and percentage.  
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Finally, by detecting the integrity loss, damage and dynamic displacements inside the concrete 
specimen may be quantified. As given in the following figures, this approach has been applied 
to each of the group 1 samples. 
 
 
Figure 58: Quantification of the progressive structural integrity loss for the sample 1. 
 
It is apparent from the plot in figure 58 that structural integrity of the specimen 1 is almost 
constant for the first 40 seconds. It means that there is no significant deformations inside the 
sample at the beginning of the flexural strength and acoustic emission tests. Between 40 and 60 
seconds, it may be observed that almost 6% percentage of the total structural integrity has been 
lost. Furthermore, from 60 to 80 seconds, approximately 10 % of the structural integrity has 
been vanished.  Most importantly, structural integrity number has plunged from 0.82 to 0.35 in 
between 80 and 100 seconds. It represents almost 50 % reduction of the total structural integrity.  
After 19 kN flexural load, slope of the plot has drastically risen because the sample is close to 




Figure 59: Quantification of the progressive structural integrity loss for the sample 2. 
 
The other significant plot is represented in the figure 59 showing the progressive structural 
integrity loss for the sample 2. It may be clearly seen that there is no significant change on the 
integrity value for the first 20 seconds. However, at 20th second, a drastic decrease has been 
observed from structural integrity number 1 to 0.85 approximately. It represents almost 20% 
structural integrity loss of the whole structure. Then, the plot moves horizontally. This 
movement represents small changes on its structural integrity values. However, the graph 
indicates vertical drop before the 40th second.  
Between 40th and 75th second, structural integrity decreases gradually.  However, near the 80th 
second, a huge plunge has been detected on the structural integrity value from almost 0.72 to 
0.35. This vertical movement represents almost 40% structural integrity loss. It is experienced 
under 20 kN flexural load approximately. At the end, the sample fails, after a gradual decrease 





Figure 60: Quantification of the progressive structural integrity loss for the sample 3. 
 
Furthermore, figure 60 shows structural integrity versus time plot for the specimen 3. It may be 
apparently observed that there is no significant damage in the sample for the first 17 seconds. 
Then, a significant drop occurs in structural integrity value from 1 to 0.85. During this drop, 
applied flexural load have been reaching almost 17 kN.  Between 20th and 40th seconds, 
deformations go on. However, from approximately 41th to 60th seconds, there is no important 
change on the integrity value close to 0.55. Then, the integrity value gradually decreases to the 
0.35 with in almost 60 seconds. After crossing the 34 kN flexural load, the integrity value 





Figure 61: Quantification of the progressive structural integrity loss for the specimen 5. 
 
Figure 61 indicates the structural integrity and applied flexural load plots for the sample 5. First 
of all, it indicates a slight decrease in its integrity number from 1 to 0.95 for the first 80 seconds 
approximately. Additionally, under an increasing flexural load from 12.5 kN to 31 kN, the 
sample try to resist the failure, though it loses almost 5% of its structural integrity. Afterwards, 
the reduction of the structural integrity value has exponentially risen. Most importantly, the 
sample has suddenly lost almost %85 of its total structural integrity value when the applied 





Figure 62: Quantification of the progressive structural integrity loss for the specimen 6. 
 
As plotted in figure 62, similar to the S5, sample 6 does not experience significant change on 
its structural integrity value for the 110 seconds approximately. It has been trying to resist the 
increased flexural load. However, after crossing almost 35 kN applied flexural load, structural 
integrity of the sample decreases by approximately 30 %. Afterwards, similar to the sample 5, 





Figure 63: Comparison of the progressive structural integrity losses for the group 1 samples. 
 
Although the structural integrity values are unique or individual, the structural integrity plots 
of the samples have been jointly presented to compare their structural integrity and maximum 
cumulative energy values with their compressive and flexural strengths.  
It may be clearly observed in figure 63 that the strucrual integrity plots indicate horizontal 
movement when the compressive and flexural strength values have been rising. However, the 
samples, having higher strength values, have been suddenly losing a big part of their structural 
integrity values. Therefore, it may be concluded that the concrete samples indicate more brittle 




Furthermore, as mentioned formerly, the sample 3 and 5 come from different mixture contents, 
though they have close flexural and compressive strengths. Most importantly, the caracteristics, 
in their structural integtrity plots, are significantly different from each other, though their failure 
time is so close. Therefore, it may be concluded that the behavior of the concretes under a load 
may be different from each other, though the concretes have the same compressive and flexural 
strength values. For instance, specimen 3 and 5 have separate concrete mixture content, 
porosity, aggregate size, cement and chemical admixture type and water to cement ratio as 
mentioned earlier. Therefore, their crack propogations, crack growth rates and structural 
integrity losses may be various, although they have the same strength values.  
 
4.2.3.3.3 AE RMS results and discussions for the group 1  
Addition to the energy plots, root-mean-square graphs of the group 1 are produced. RMS can 
be explained as the square root of the function representing a continuous waveform or a set of 
values [151]. Continuous and burst type of AE waveforms are mentioned in chapter 4. RMS is 
generally preferred to use continuous waveforms.  
Furthermore, RMS voltage has been usually calculated to obtain suitable measurement of a 
variable current or voltage. It has been generally named as the effective voltage which is always 
between average and peak voltage [152]. Finally, it can be calculated by using the formula 










Figure 64: An example plot of RMS voltage (yellow) and raw signal (blue). 
 
As it is shown above, plot of a rav signal can be difficult to express the magnitude of a variable 
voltage [153]. However, RMS plot properly shows great voltage variations affecting the 
average voltage of a rav signal. Therefore, RMS plots of the group 1 specimens are produced 
and represented in the following figures. 
 
 















Figure 68: RMS voltage plot of the sample 5. 
 
In these figures, significant information about dynamic displacements and deformations such 
as major and minor cracks can be obtained from the shape of RMS plots [154]. Most 
importantly, as shown in the figures, time gap and voltage level of the horizontal wave forms 
can give reliable information about damages inside of a test sample [155]. For instance, their 
sudden increments represent AE signals coming from major cracks. Additionally, the horizontal 
wave forms mean continuous destructive damages [156]. 
 





Furthermore, it may be clearly observed that RMS plots of the group 1 show great increments. 
Afterwards, they generally indicate horizontal wave forms or RMS cycles from the beginning 
to the end of these increments. To obtain information about destructive damages, maximum 
duration between sharp increase and decrease is detected for each RMS plots.  
Most importantly, as shown in figure 69 and 65, S6 having 125 MPa compressive strength 
experiences the highest duration among the other samples, while S1, having 86.6 MPa 
compressive strength, is indicating the smallest duration. Furthermore, it is apparent from the 
plots that S1 has the lowest maximum RMS voltage level, which is 0.367 volts, among the 
group 1 samples. Additionally, the voltages of S2, 3, 5 and 6 are 0.573, 0.610, 0.543 and 0.555 
volts respectively. They represent destructive impacts of cracks and distortions inside the 
samples.  
 
4.2.3.3.4 AE Amplitude results and discussions for the group 1  
Addition to the RMS, AE signal amplitudes of the group 1 specimens are reflected as graphs in 
the following figures.  
 





Figure 71: AE amplitude plot of the sample2. 
 
 
Figure 72: AE amplitude plot of the sample3. 
 
 






Figure 74: AE amplitude plots of the specimen 6. 
 
The figures from 70 to 74 have been plotted to demonstrate amplitude values of the group 1 
samples. It is apparent from these figures that the plots are close to continuous type of AE 
waveforms because group 1 specimens have high flexural strength values. However, they 
frequently consist burst type of AE signals in their continuous forms, because of the brittle 
behavior of the concrete material.  
Additionally, it may be obviously observed that intensity of the AE signals has been 
significantly risen, when the compressive and flexural strengths have remarkably increased. For 
instance, acoustic signal intensities detected from S1 have been considerably lower than the 
signal intensities of the other samples.  
Furthermore, it can be commonly observed that the rise time and duration of the AE waves 
generally decrease while the flexural strengths of the samples are increasing. For instance, the 
amplitude of S5 has increased exponentially while the plot of S1 is climbing slightly. Meaning 
of the rise time and duration have been mentioned in chapter 3. Additionally, they have been 





Figure 75: Rise time and duration for a typical waveform [157]. 
 
 
Most importnantly, decrease of the rise time means the sharp increases in AE signal amplitudes. 
These sudden increments represent dynamic displacements and deformations such as major 
cracks inside the group 1 samples. At the end, AE amplitudes of the specimens reach to the 
highest levels because of their failures [157]. 
 
4.2.3.3.5 AE Average frequency results and discussions for the group 1 
Addition to the AE signal amplitude, average frequency values of the AE signals, obtained from 
the group 1 specimens, have been presented in the following figures.  
 




























It is apparent from the table 7 and figures from 76 to 80 that the average frequency levels have 
been remarkably rising when compressive and flexural strengths of the samples have been 
increasing. Additionally, the figures have illustrated that intensity of the frequency waves have 
risen, as the applied flexural loads have been increased. 
Furthermore, volatility of the frequency fluctuation has been growing when the specimens have 
closed to their failures. In other words, as major cracks and dynamic displacements increase, 
the average frequencies have dramatically risen. Therefore, it is thought that high frequencies 
have occurred during crack growth. 
 
4.3 Experimental group 2 
The second experimantal group includes 1 beam and 4 cubic concrete samples. They base on 4 
diverse mixture contents consisting of 4 different water cement ratios.  
In this part of the research study, the main objective is to observe water effects on ultrasonic 
pulse velocity and acoustic emission test results. For this purpose, UPVT versus compressive 
strength and w/c ratio graphs have been plotted and analysed statistically. Additionally, linear 
functions of the plots are calculated to obtain reliable correlations among pulse velocity, 
compressive strength and water cement ratios. Characteristics of the test results have been 
observed when the water amount has been elevated. 
Furthermore, acoustic emission test is applied on 1 beam specimen to investigate AE energy, 
AMP, RMS and frequency results. The AE values of the beam specimen has been compared to 
the specimen 3 from the research group 1. Finally, by using AE testing technique, progressive 





4.3.1 Preparation of the group 2 specimens  
For the group 2 samples, 4 main concrete mixture contents have been designed by only 
changing their water amounts. Amount of the cement and aggreagate has been kept constant, 
though water cement ratios have been increased from 0.54 to 0.90 indicated below. 
 
Table 9: Mixture contents of the group 2 specimens 
 
As shown in the table 9, maximum diameter of the aggregates have been measured as 10 mm 
for the each mixture design. Additionally, same type and amount of the cement which is 
portland CEM 1, mentioned in chapter 2, have been used for all mixture designs in the research 
group 2. 
 
4.3.2 Destructive tests for the group 2  
Similar to the research group 1, flexural and compressive strength testing approaches have been 
applied to the group 2 specimens. These destructive techniques have been applied to the cubic 
and beam samples under laboratory conditions to detect remarkable similarities between 
destructive and non-destructive test results. Compressive test has been preferred to apply on the 
cubic specimens while flexural strength test is being used for the beam specimens to create 
dynamic displacements during acoustic emission test 
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4.3.2.1 Compressive and flexural strength test results for the group 2  
As mentioned previously, compressive strength test has been applied on the group 2 cubic 
samples having different w/c ratios. In chapter 3, the test procedure has been explained in great 
detail.  Significantly, the test results have been indicated below. 
 
Table 10: Compressive strength test results of the group 2 cubic specimens. 
 
According to the table shown above, compressive strengths of the specimens have been plunged 
from 38.29 to 4 MPa, when the water to cement ratios have been elevated from 0.54 to 0.90. It 
can be clearly seen that the water content has negatively affected concrete strength. 
Most importantly, non-destructive testing values should indicate similar characteristics to 
destructive results. Therefore, it is necessary to observe these similar drastic changes 
and negative influences in ultrasonic pulse velocity and acoustic emission test results.  
Furthermore, flexural strength test has been only applied on the beam specimen produced from 
mixture 3 because a big part of the group 2 specimens has low compressive strengths. For 
instance, M5 and M6 have 9.74 and 4 MPa strength, respectively. It can be clearly evaluated 
that they are too brittle to be applied bending test. Therefore, the test has not been applied on 
all group 2 specimens. The test procedure has been fully explained in chapter 3 and previous 
section. For the beam sample M3, magnitudes of the flexural strength and flexural load capacity 
have been measured as 3.98 MPa and 13.26 kN respectively. Additionally, cubic sample M3 
indicates 38.29 MPa compressive strength value.  Flexural strength testing for the specimen M3 





Figure 81: 4 points-bending setup, flexural strength and failure load for the specimen M3. 
 
4.3.3 Non-destructive testing for the group 2 
As it is explained previously, acoustic emission, ultrasonic pulse velocity and visual inspection 
tests have been preferred to use in the research group 2 because they have generally represented 
the sound and geometry-based NDT methods. They have been particularly explained in the 
chapter 4 and previous section. 
 
4.3.3.1 UPV test results and discussion for the group 2 
In this group, ultrasonic pulse velocity test has been preferred to observe the similarities and 
differences between destructive and non-destructive testing lts. Furthermore, water content of 
the group 2 mixtures has been gradually increased to investigate the influence of the elevated 
water to cement ratios on UPVT values.  Pulse velocities of the group 2 samples have been 
compared with their compressive strength values to detect similarities and differences between 




Fundamentally, the test procedure has been described in the chapter 3 and former section. A 
part of the UPV applications for the group 2 samples have been shown in figure 82.  
 
Figure 82: UPV tests for 2 cubes from group 2 samples. 
 
Also, table 11 shows the compressive strength and pulse velocity testing results fo the group 2 
cubic samples depending on the elevated water cement ratios.  
 
Table 11: Comressive strength and UPV test results of the group 2 cubes. 
 
From the table above, it can be clearly seen that the water to cement ratios have exerted the 
most significant influence on the UPVT results and concrete strengths. For example, pulse 
velocity and compressive strength values have drastically decreased, while water to cement 
ratios have been rising from 0.54 to 0.90. 
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Significantly, the pulse velocity and compressive strength values have been following same 
order. For example, M6 has the smallest compressive strength, when it shows the lowest pulse 
velocity. Additionally, specimen M3 has shown the highest compressive strength and pulse 
velocity value.  
On the other hand, there is no a simple correlation among the water to cement ratios, pulse 
velocity and concrete strength values. For instance, relationship between the compressive 
strengths of M3 and M4 is 1.38, while their pulse velocity ratio is 1.11. Correspondingly, ratio 
of the M5 and M6 strengths is 2.44, although their pulse velocity ratio is 1.71. Addition to these 
examples, compressive strength of M4 to the M5 strength is 2.83 while the ratio of their pulse 
velocities is 1.25. Therefore, as shown in the following figures, some linear interpolations have 








The first plot has been created to review how diverse degrees of the water to cement ratios 
affect the pulse velocity in concrete. Additionally, it has been conducted on the samples having 
elevated water contents. The water effect to the UPVT value is properly illustrated in figure 83.  
It can be clearly seen that the pulse velocities have dramatically decreased, while the water to 
cement ratios have been rising. Furthermore, the concretes having w/c ratios from 0.54 to 0.69 
indicates UPV values of between 3846.24 and 3472.3 m/s. Additionally, pulse velocity results 
decrease from 3472.4 to 2785.1 m/s when the water to cement ratios increase from 0.69 to 0.80. 
Moreover, pulse velocities fall in the range of 2785.1 and 1628.7 m/s while w/c ratios are in the 
range of 0.80 and 0.90. 
As it is mentioned previously, the results have been interpolated linearly. 3 main interpolations 
have been calculated to reliably estimate w/c and pulse velocity. For instance, w/c ratios of the 
concretes having pulse velocities between 3886 and 3472 m/s can be believably estimated by 
using the linear equation between M3 and M4.  
Similarly, the pulse velocities between 3472 and 2785 m/s can give reliable information about 
the w/c ratios between 0.69 and 0.80 if the second equation have been used. Finally, the third 
linear equation in figure 83 represents the UPV and w/c ratio values between M5 and M6.  
Importantly, it can be obviously observed that slopes of the 3 linear plots have rised 
exponentially when w/c ratios have increased importantly. Especially, slope of the third linear 
plot between M5 and M6 is the highest if it is compared with the other linear plots. 
Addition to figure 83, compressive strength versus pulse velocity plot has been produced to 





Figure 84: Linear interpolations of the UPV and strength values for the group 2. 
 
In figure 84, the experimental studies and their statistical functions have been presented to 
address the water effects on the ultrasonic pulse velocities and concrete strengths for the cubic 
specimens.  
For the 4 w/c ratios, the relationship between UPV and compressive strength have been 
indicated as 3 linear line and their equations in the same figure. It can be obviously observed 
that the pulse velocities and the compressive strengths have decrease importantly when the 
water to cement ratios have been increased. 
Furthermore, it can be clearly seen that slopes of the first and second plot are close to each 
other. However, the pulse velocities and compressive strengths have experienced a dramatic 
plunge while w/c ratios have been rising from 0.8 to 0.9. These imply that, the UPV and 
compressive strength changing rates of high and low w/c ratio concrete are importantly different 
from each other.  
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Fundamentally, pulse velocity and compressive strength of the concrete having low 
water/cement ratio are greater than strength of the concrete containing high w/c ratio. In other 
words, decrease of the w/c ratio causes dense structure in hardened concrete. Therefore, the 
concrete strength and pulse velocity have been rising while w/c ratio has been falling. 
Additionally, low w/c ratio induces reduction of porosity and void ratio inside the hardened 
concrete. After the hardening process, water evaporates and the void ratio increases in the 
concrete structures mentioned in chapter 2. 
Furthermore, velocity of the pulse travelling through a water is lower than pulse velocity inside 
a concrete material. Therefore, water contents of the group 2 concrete samples have affected 
the pulse velocities negatively. 
 
4.3.3.2 Acoustic emission test for the group 2 
For the experimental group 2, acoustic emission test has been applied to the sample M3 to 
investigate characteristics in its test results. Especially, it is aimed to observe relationships 
between various flexural, compressive strengths and AE signal properties. 
For this purpose, acoustic emission signal properties of the group 1 samples have been 
compared with results of the specimen M3. Particularly, energy, cumulative energy, root-mean-
square, frequency and amplitude plots of the sample M3 have been compared with the group 1 
samples.  Additionally, progressive structural integrity losses in the sample M3 have been tried 
to quantify by using its AE cumulative energy values. 
As it is mentioned previously, AE test method has not based on concrete geometry such as 
aggregate size, void ratio. It has been affected by dynamic displacements and crack sounds 
inside a concrete test sample. These factors have mainly depended on the material strength, 




As mentioned earlier, AE test can not be used without a specific load. Therefore, flexural load 
has been applied to the concrete beam specimen during the AE tests. Application of the AE test 
to the beam specimen M3 has been shown in figure 85. 
 
Figure 85: 4 points-bending setup and AE test for the beam sample M3. 
 
4.3.3.2.1 AE energy results and discussion for the group 2 
AE signal properties of the sample M3 have been plotted as AE signal energy, cumulative 
energy, root-mean-square, amplitude and frequency versus time graphs. 
In figure 86, AE energy values of the sample M3 have been shown by comparing to the sample 
3 from the group 1. In the following figure, the energy values have been converted to the 
cumulative energy graphs to analize energy changes in detail.  
 





Figure 87: AE signal cumulative energy graphs for M3 and S3. 
 
It is apparent from the previous figures that the specimen 3 from group 1 has the greatest 
compressive and flexural strength if it is compared to the M3 from group 2. Strength values of 
the S3 have been nearly three times as big as the results of M3. Similarly, energy versus time 
plots have indicated significant energy differences between S3 and M3. Therefore, it can be 
clearly concluded that the energy results of M3 and S3 have been remarkably consistent with 
their strength values. 
Furthermore, the other important figure is cumulative energy versus time plot. it may be 
evidently observed that S3 has more energy increment levels than M3. As it is mentioned 
previously, energy increments have represented minor and major crakcs, dynamic 
displacements and distortions inside the test samples. Most importantly, sudden vertical 
increments have indicated quite drastic damages inside the concrete samples.  
Moreover, S3 has indicated rapid growth from start to the end of its cumulative energy plot. 
However, cumulative energy of M3 has gradually risen after a sudden increment seen in figure 
65. Additionally, cumulative energy plot of S3 has greater slope than the M3 graph. Finally, 
they have shown vertical burst effect because of the fracture.  
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4.3.3.2.2 Quantification of the progressive structural integrity losses for the 
group 2 sample. 
As explained in section 4.1.3.2.2, it may be concluded that the AE cumulative energy values 
represent the crack propagations inside the concrete samples. Most significantly, they may give 
information about the structural integrity losess inside the concrete samples. 
For this reason, as shown in the following figure, a significant plot has been created to detect 
the progressive structural integrity losses inside the sample M3. 
 
Figure 88: Quantification of the progressive structural integrity loss for the sample M3. 
 
It may be easily observed in figure 88 that the strucrual integrity plot of the M3 shows horizontal 
movement for the first 38 second approximately. Afterwards, the sample has been suddenly 
losing a significant part of its structural integrity value. However, it indicates the horizontal 
movement after that drastical drop. By observing these significant movements, it may be 
concluded that the sample has been trying to resist increased flexural load, though it has lost 




At the end, huge amount of the structural integrity value, which is almost 0.8, has been lost, 
because of the failure. Although, there is no significant change in the integrity value, before the 
failure.  
 
4.3.3.2.3 AE RMS results and discussions for the group 2  
Apart from the energy plots, root-mean-square graph of the sample M3 has been created. As it 
is mentioned in previous section, RMS may be defined as the square root of the function 
indicating a continuous waveform or a set of values [158]. Continuous and burst type of AE 
waveforms has been particularly explained in chapter 3. Fundamentally, RMS has been 
preferred to use for continuous type of the AE waveforms. Additionally, RMS voltage has been 
commonly calculated to obtain proper measurement of a variable current or voltage. It has been 
usually named as the effective voltage which is always between average and peak voltage. Its 
model figure and empirical formula have been given in the section 4.2.3.3.3. 
As it is mentioned previously, plot of a raw signal can be complicated to explain the magnitude 
of a fluctuating voltage. However, RMS plots can properly indicate great voltage variations 
influencing the average voltage of a rav signal. Therefore, RMS plots of the M3 has been 






Figure 89: RMS voltage plot for the specimen M3 from group 2. 
 
 
Figure 90: RMS voltage plot for the specimen S3 from group 1. 
 
 
In figure 89, M3, having 3.98 MPa flexural and 38.29 MPa compressive strength, has indicated 
lower RMS voltage levels than the results of S3, possessing 11.73 MPa flexural and 122.1 MPa 
compressive strength. For instance, maximum RMS voltage of the S3 has been tested as 0.61 
Volt while M3 has been showing 0.15 Volt. 
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Additionally, it may be easily observed that voltage values of the RMS plots have shown sharp 
increments. Afterwards, horizontal wave forms or RMS cycles have been detected from the 
beginning to the end of these increases. As it is mentioned formerly, duration of these type of 
RMS wave forms may be so important to detect a destructive damage, crack growth, major 
crack inside a test sample. Therefore, maximum durations between sharp increases and 
decreases have been shown in these figures. It may be clearly seen that the duration of M3 has 
been measured as 0.48 second when 0.96 second has been experienced from S3. 
 
4.3.3.2.4 AE Amplitude results and discussions for the group 2  
Addition to the RMS, AE signal amplitudes of the specimen M3 and S3 have been given as 
AMP plots in the following figures.  
 






Figure 92: AE amplitude plot of the specimen 3 from the group 1. 
 
It is apparent from the figure 91 that M3 has the AE signal waves having low-intensities. 
Furthermore, specimen M3 has the quite low flexural strength. In other words, it may be called 
as the brittle material. Therefore, its wave form has indicated sudden increments. It has burst 
type of the waves shown in the figure. As it is explained previously, burst type of the waves 
may mean the significant deformations such as a major crack and crack growth inside a test 
sample. Finally, plot of the specimen has indicated the strongest burst signals before its fracture. 
However, specimen S3 from the group 1 has the higher flexural and compressive strength than 
M3. Importantly, it has continuous type of the AE waveforms shown in figure 92.  Also, it has 
intensely consisted burst type of AE signals in its continuous form because burst waves have 
been commonly sourced by brittle materials mentioned in chapter 4. At the end, the highest 




4.3.3.2.5 AE Average frequency results and discussions for the group 2 
Apart from the signal amplitudes, average frequencies of the AE signals, obtained from the 
sample M3 and S3, have been shown below.  
 
Figure 93: Average frequency plot of the AE signals detected from the specimen M3. 
 
 
Figure 94: Average frequency plot of the AE signals detected from the sample S3. 
 
It may be clearly observed that the average frequency levels have been significantly growing 
when compressive and flexural strengths of the samples have been rising. In figure 93, the 
sample M3 has indicated lower average frequency levels than the sample S3 in figure 94. 
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Furthermore, intensity of the frequency fluctuations has increased when the samples have 
closed to their failures. In other words, as the drastic damages such as a major crack increase 
inside the test samples, their average frequencies have exponentially increased. Therefore, it is 
deduced that quite high frequencies have been detected during growth of the major cracks inside 
the samples. 
 
4.2.3.4 Visual inspection test for the group 2 samples 
As it is mentioned in chapter 3, visual inspection test is the oldest and the most common non-
destructive test methods for concrete structures. Especially, it has been frequently used to detect 
surface cracks [159-161]. Afterwards, these cracks have been classified depending on their 
shapes and positions on the concrete surfaces. 
 
Figure 95: Bleeding cracks on the concrete surface. 
 
In figure 95, bleeding crack type and its main cause have been represented. As it is explained 
formerly, bleeding is an important problem for hardened and fresh concrete. It occurs, when 
high amount of the water moves to the upward or surface of the concrete. Most importantly, the 
heavier particles such as coarse aggregates move to the downward or bottom of the concrete. 





As mentioned formerly, in the research group 2, water to cement ratios of the group 2 samples 
have been increased from 0.54 to 0.90. Therefore, water contents of the specimens have 
excessively risen. Because of the excess water content in the sample M6, bleeding cracks, 
shown in the following figure, have been detected during visual inspection tests.  
 
Figure 96: Bleeding cracks on surface of the sample M6. 
 
It may be clearly seen that there are small particules on the surface of M6 though it has been 
consisting 10 mm aggregates in its mixture content. As mentioned earlier, coarse components 
of the sample have moved to the downward. Afterwards, excess water has moved upward. 
Finally, it has caused a drastic reduction of the concrete strength on the sample surface. 
Therefore, major bleeding cracks have been observed. They have affected the concrete strength, 










In this research study, visual inspection, acoustic emission and ultrasonic pulse velocity testing 
have been employed to quantitatively evaluate the quality, strength and durability of concrete 
beam and cubic specimens produced using a variety of mixtures. Destructive evaluation has 
also been carried out in the form of compressive and flexural strength testing in order to validate 
the results obtained with the NDT techniques employed. The results for both destructive and 
NDT methods have been thoroughly discussed and analysed. The various experimental setups 
employed have been described in adequate detail to ensure repeatability of the experiments 
should that be needed.  
During the four-point flexural testing, AE testing was used in order to monitor damage 
propagation sustained by the samples with increasing load. Various features of interest have 
been considered in order to determine damage accumulation and reduction in the structural 
integrity of each sample including AE signal energy, average frequency, root-mean-square, 
signal amplitude and cumulative AE energy. The experimental results arising from the flexural 
tests have been compared with the recorded AE activity to evaluate the relationship between 
concrete strength, quality and durability with damage propagation, structural integrity 
degradation and AE activity. Different mixtures have been employed representing a wide range 
of possible concrete qualities and strengths to evaluate their effect in the consistency of the 
results arising from the NDT methods used. The use of cumulative AE energy has been 
employed as the prime means of quantifying the progressive loss of structural integrity for 
group 1 and 2 beam samples during flexural testing.  
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Ultrasonic pulse velocity measurements have been applied on the cubic samples made with 
varying mixture contents. Water to cement ratio in cubic samples of experimental group 2 has 
been increased considerably in order to evaluate the effect of water and voids on ultrasonic 
pulse velocity measured values. The results of ultrasonic pulse velocity measurements have 
been validated using compressive strength tests. The experimental results from arising from the 
different tests have been compared and discussed quantitatively in depth. The surface quality 
of the samples tested was evaluated prior to any tests using visual inspection as described in the 
relevant inspection standards for concrete structures. 
From these experimental results discussed in the present thesis, the following conclusions have 
been drawn. 
5.1 Conclusions from the acoustic emission testing 
- In contrast to the ultrasonic pulse velocity results, AE signal energy values are not significantly 
affected by the different mixture contents. The final cumulative AE energy values follow the 
same order as the compressive and flexural strength values, despite the samples having different 
mixture contents. In other words, the sample having the highest compressive and flexural 
strength values show the greatest final AE cumulative energy value.  
- In general, the comparison between the destructive testing values and AE signal properties 
such as AE signal energy, cumulative AE energy, average frequency, root-mean-square, signal 
amplitude indicates that reasonable relationships can be established for the quantitative 
assessment of the quality, durability and strength of concrete structures. The trend of cumulative 
AE energy plot increases with increasing concrete compressive and flexural strength.  
- The critical level of sustained damage can be established based on the cumulative AE energy 
trend and the structural integrity reduction can be reliably extrapolated. As mentioned 
previously, AE activity drastically increases when failure is imminent.  
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- The AE activity characteristics related to amplitude, frequency and root-mean-square, during 
the loading process depend on level of damage as well as concrete microstructure which is a 
function of the mixture content. 
5.2 Conclusions from the ultrasonic pulse velocity and visual inspection 
testing 
- Compressive strength values of a concrete samples, having totally different mixture contents, 
are not easy to accurately relate to ultrasonic pulse velocity measurements. However, from the 
results obtained the strength can be closely estimated by looking at the ultrasonic pulse velocity 
when concrete samples of similar mixture content and close ageing times are assessed. Velocity 
and strength values can be classified correctly although the relationship between the two 
parameters appears to be non-linear.  
- Visual inspection can provide significant information with respect to the magnitude and root 
cause of the damage. 
- In this research study, the samples are produced from two different mixture contents. 
Therefore, they have different void ratios, maximum aggregate diameters, cement and chemical 
admixtures. These factors cause the pulse velocity differences. Nevertheless, quality of the 
samples may be generally categorized by using the standard classification tables such as  BS 
1881-203:1986.  
- The water to cement ratios have exerted the most significant influence on the UPVT results 
and concrete strengths. Pulse velocity and compressive strength values have drastically 
decreased, with increasing water to cement ratios. 
The present research study has shown that the UPV values can be used to estimate concrete 
strength accurately if the samples have been produced from similar mixtures. AE can be used 
to effectively evaluate damage propagation and determine the degradation of the structural 
integrity of concrete elements in service. Moreover, it is possible to identify the points of critical 
damage accumulation at which collapse of a concrete structure becomes likely as cracks 






- A specific interpolation between voltage and duration value of the root-mean-square can be 
produced to quantify the damage inside the concrete. Especially by using maximum voltage 
level and its duration, a specific function giving information about amount of the deformation 
may be found. Similar to the AE cumulative energy, progressive structural integrity may be 
obtained from the RMS parameters.   
- During the 4 point-bending and acoustic emission testing, the beam samples having reinforced 
steel rebars should also be considered. Significant changes on AE signal arising with increasing 
crack lengths can be compared in order to investigate the capability of the technique for damage 
quantification. In addition, alternative concrete mixture contents can be employed in order to 
assess in more depth the effect of concrete microstructural characteristics to AE activity and 
damage propagation behaviour.  
- In addition, monitoring damage propagation with high-speed cameras so cracking evolution 
can be directly related with AE activity would be particularly beneficial in understanding how 
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